
Coal Classification by HPLC and 
Three-Dimensional Detection 

Michael 'J. Sepaniak and Edward S. Yeung 

Ames Laboratory" and Department of Chemistry 
Iowa State University 
Ames, Iowa 50011 

Coal liquefaction products include a fraction known as the 
asphaltenes, which are operationally defined as the pentane insoluble, 
benzene soluble components. The asphaltenes have been postulated as 
intermediates in the conversion of coal to oil and contain a high 
concentration of the coal impurities. It is the goal of this work to 
characterize the asphaltenes derived from various solvent refined 
coals, so that similarities and differences between various refining 
processes can be identified. Such information can lead to the opti- 
mization of the processing conditions, improved quality control, 
reduced environmental pollution, and the understanding of the funda- 
mental chemical reactions involved. 

A typical coal-derived asphaltene sample contains hundreds of 
components, mostly in the 200-800 molecular weight range. Considering 
the complexity of these samples, it is imperative to resolve the com- 
ponents as much as possible, to obtain the maximum amount of informa- 
tion f o r  classification purposes. Recent advances in microbore 
columns have resulted in extremely high efficiencies in liquid chroma- 
tography. Chromatographic runs however can last tens of hours. A l s o ,  
the reliability, reproducibility, and useful life of these columns for 
repeated injections of such complex samples have not been adequately 
tested. We have therefore chosen for these studies standard commer- 
cial reversed-phase HPLC columns, which, with the proper eluant 
gradient, are not much lower in efficiency than those mentioned above. 
The use of a pre-column switching technique sigr,ificantly prolonged 
column life and reduced contamination. The use of multidimensional 
detectors allows the extraction of a maximum amount of information, 
and the high sensitivity of the detectors allows small injection 
quantities and again more reliable separation. 

Three optical detectors are used for this work, based on the 
fact that these are sensitive and that they complement one another 
in the type of information each provides. The first is a conventional 
uv absorption detector operating at 254 nm. This has a demonstrated 
detectability in the nanogram range and is a general and versatile 
detector. The second is a laser-excited fluorometeric (LF) detector 
that has a detectability in the picogram range. In addition to the 
higher signal levels because of the higher photon fluxes in a laser, 
the monochromaticity in excitation results in correspondingly narrower 
Rayleigh and Raman lines and permits larger spectral windows for 
fluorescence observation. In order to obtain information as different 
from that in the first detector as possible, visible wavelengths are 
used in excitation and in emission. This favors the detection of the 
larger molecules, where conjugation shifts the absorption bands to 
longer wavelengths. The third is a two-photon excited fluorometric 
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(TPF) detector. A detectability in the nanogram range has been 
demonstrated with continuous-wave lasers, but picogram levels can be 
achieved if high-power pulsed lasers are used. The net excitation 
is into electronic states comparable in energy with those in uv 
absorption, but the unique selection rules of the TPF process provide 
complementary information. Furthermore, the TPF process is enhanced 
when a real electronic state matches the energy of one of the photons, 
in our case a visible photon. The selectivity again favors the larger 
molecules with a higher degree of conjugation. 

CORREL, WEIGHT, BACLAS, SICLAS, MULTI, TREE, and KNN from the standard 
package known as ARTHUR. To limit the number of features in the 
statistical pattern recognition programs, an intra-sample feature 
correlation was first performed. 

Pattern recognition studies were performed using the subroutines 

Reproducibility 

Even though the injection quantities were kept to 40 ug, 
contamination still prevented the use of a single column for all the 
work, and 6 different columns (from the same production batch) were 
used. In the process of correlating the chromatographic peaks to 
extract features, we found that the normalized retention times and 
signal magnitudes among all injections had relative standard deviations 
of 2 . 5 %  and 9.2% respectively. Considering the complexity of these 
samples, the reproducibility is good. 

Detector comparison 

Chromatograms from each of the three detectors for a particular 
run are shown in Figure 1, indicating that information obtained from 
each is quite independent and the three complement one another. It 
should be noted that even if peaks occur at the same retention time, 
they need not correspond t o  the same component. A distinctive feature 
in Figure 1 is the positions of the different "center-of-mass", i.e., 
when about 50% of the weighted response has passed the detector in 
question. These are in the order uv, TPF and LF. The nature of 
reversed-phase separation using this gradient generally makes the 
smaller components elute early and the larger components elute late. 
Since the LF detector requires electronic conjugation for the neces- 
sary spectral red-shift, very little response shows up early in the 
chromatogram. Even when the individual concentrations of the com- 
ponents decrease towards the end of the chromatogram, as a result of 
our pre-column switching and as evidenced by the falling response in 
the uv detector, the LF response remains high. Chromatograms from 
the TPF detector present an interesting case. Presumably the 
abundance of two-photon states around 244  nm (twice the photon energy) 
is not too different from one-photon states at 2 5 4  nm (uv detector). 
The smaller response of TPF early in the chromatogram is an indication 
of the lower overall sensitivity of the process. The components 
towards the later part of the chromatograms are rich in electronic 
states in the 488 nm region, as seen from the LF chromatogram. 
same electronic states serve to resonantly enhance the TPF process, 
thus providing a larger signal. The TPF still falls off a bit 
earlier than the LF signal, probably because of gradually decreasing 
concentrations and the lower overall sensitivity of the former 
process. Our choice of visible wavelengths in excitation and emission 
is thus justified, since the uv detector is not suitable for these 
components. Even if a uv fluorometric detector is used, one still 
favors the smaller, less conjugated components. 

These 
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Sample comparison 

r 
1 

Figure 2 shows chromatograms for the four different samples 
studied, all from the LF detector. Some consistent, distinctive 
features can be identified even without statistical analysis. The 
locations and the relative heights of the two major peaks in each 
chromatogram are sufficient to distinguish the PAMCO and the Cat. 
Inc. samples from the two Synthoil samples, and from each other. As 
expected, the two Synthoil samples are more difficult to distinguish. 
Minor features around 33 mins. and 37 mins. are useful for visual 
comparison in that case. At first sight it may seem that features 
after 50 mins. are distinctive for each sample. However, intra- 
sample correlation of these features is not good due to the pre-column 
switching procedure, and these features cannot be used. 

A more objective comparison can be made using pattern recognition 
analysis. This was performed first for each detector with the 38, 38, 
and 41-dimensional vectors derived from the peaks via feature extrac- 
tion. The results are presented in Table I. Then, the WEIGHT 
subroutine was used to determine the 6 or 7 most important features 
for each detector to the classification process. These were then 
used by themselves in a second pattern recognition analysis, the 
results of which are also shown in Table I. Finally, the combination 
of these 20 most important features and the 7 most important of these 
were also analyzed. It is significant to note that the combined set 
of 20 features did even better in every classification scheme than 
the individual sets of 38, 38, and 41 from the three detectors. In 
the combined set of 7 features, the success at classification is 
better than either the 6 TPF features or the 7 LF features, and about 
equal to the 7 uv features. This is consistent with the fact that 
in general having more independent types of measurements is better 
than having more of the same type of measurement for classification 
purposes. In Table I1 we list the overall ranking of the set of 20 
combined features and the average retention times in the whole data 
set. The first observation is that the detectors are quite different, 
as expected. Features that are important in classification for one 
detector need not be important for another detector. This is seen 
from the relative locations of the selected features in the three 
chromatograms, and the lack of correlation among the individual 
rankings. One can infer that a distribution of molecular sizes and 
polarities can be important as features in classification, and that 
whole chromatograms rather than parts of chromatograms are needed. 
The second observation is that sometimes an important feature in one 
detector does correspond to an important feature in another detector. 
An example is the set of features UV2, LF3 and TPF2, which have 
indistinguishable retention times. Such situations magnify the 
significance of a given feature. Since the ultimate use of these 
classification and feature extraction studies is to identify com- 
pounds or classes of compounds that are important to the liquefaction 
processes themselves, these should be the most favorable starting 
points. Fractions can be collected on a semipreparatory scale in 
these regions, so that structural studies by infrared, nmr, or mass 
spectroscopy can be performed. Also, whenever the relative signals 
of a given feature at all three detectors remain constant in going 
from one sample to the next, more confidence can be put on the 
possibility that only a single component is involved. The third 
observation is that major peaks are not necessary useful features 
for classification. This points out the dangers of relying on just 
visual comparisons for classification. The human perception is 
easily biased towards the larger, seemingly better resolved, peaks. 
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In these complex samples, peaks may contain several components, so 
that slight differences in the gradient can dramatically alter the 
peak height. A l s o ,  if only one of the several components is impor- 
tant for classification, one would not be able to use it due to 
interference from the other components. The fourth observation is 
that the internal standard peak in the TPF chromatograms was actually 
identified as the eighth most important feature for classification. 
This apparent paradox can be resolved by noting that there,,is a 
continuous background at that location that is real. The feature" 
therefore is simply the magnitude of this background at the retention 
time of the internal standard, not at all unreasonable to be impor- 
tant for classification. The fifth observation is that the six TPF 
features rank low in the group of 20 combined features for classifi- 
cation. This is more due to the poorer signal to noise levels and 
greater dependence on focusing and positioning, rather than an 
indication of the type of information. 
pulsed lasers should improve things. 

up the broad background, we have extracted features based on the 
chromatographic valleys. The same pattern recognition calculations 
were performed using the signal levels in each detector at these 
"valleys". In general, the valleys are slightly poorer features for 
classification compared to the peaks. 
this well indicates that the unresolved components can also be useful 
for characterization of the coal liquids. 
considering the diversity of components that are present, and that a 
large response in any detector need not be related to the importance 
of a given component. It is however incorrect to conclude that low- 
resolution chromatograms can be equally useful for classification 
purposes, since the success of these "valleys" is due in part to the 
reproducibility of the locations of the "peaks" that are around them. 
There are regions where both useful peaks and useful valleys are 
found, for example between 5 and 10 mins. in retention time. This 
then points to a particularly interesting region for further studies, 
possibly at higher chromatographic resolution and by collecting 
fractions for other analytical methods. The usefulness of the 
valleys in classification shows that the human bias towards recog- 
nizing peaks as features can be deceptive in complex systems. 

A higher response using e.g. 

To assess the importance of the unresolved components that make 

The fact that they perform 

This is not surprising 

Table I. Success at classification for each detector. 

Success (%) 

SICLAS BACLAS KNN MULTI 
Detector # Features 

TPF 38 90 100 42  100 
TPF 6 7 4  9 4  52 87 
LF 38 87 100 42  100 
LF 
uv 
uv 
A1 1 
A 1  1 7 97 100 8 4  100 

7 90 9 4  7 6  96  
4 1 ,  97 100 ki l o o  

7 90 100 90 100 
20 100 100 9 4  100 
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Table  11. Ranking of importance of  peaks as f e a t u r e s .  

Rank Feature"  Reten t ion  T i m e  (min.  ) 

1 
2 
3 

8 
9 
10 
11 
1 2  
1 3  
14  
1 5  
16  
1 7  
18 
1 9  
20 

LF 1 
uv1 
LF 2 
LF3 
LF4 
LF 5 
uv2 
LF 6 
uv 3 
TPFl 
uv4 
TPF2 
uv5 
UV6 
TPF3 
TPF4 
TPF5 
uv 7 
LF 7 
TPF6 

2 1 . 1  
26.6 

8 . 1  
40 .5  
26 .O 

6 . 3  
4 0 . 3  

9 . 1  
21 .8  

5 . 9  
7 . 0  

40 .0  
1 9 . 7  

5 . 3  
43 .0  
52 .5  
27 .2  
3 4 . 1  
3 3 . 4  
2 4 . 4  

"Features  a r e  i d e n t i f i e d  i n  F i g u r e  1. L e t t e r s  r e f e r  t o  t h e  
r e s p e c t i v e  d e t e c t o r s  and numbers r e f e r  t o  t h o s e  on t h e  chromatograms 

FIGURE CAPTIONS 

Figure  1. Informat ion  from t h e  t h r e e  d e t e c t o r s  f o r  t h e  same 
i n j e c t i o n .  Numbers a r e  peaks used a s  f e a t u r e s  as 
expla ined  i n  t h e  t e x t .  ( a )  uv d e t e c t o r ;  ( b )  LF 
d e t e c t o r ;  and ( c )  TPF d e t e c t o r .  

F igure  2 .  Sample comparison us ing  t h e  LF d e t e c t o r .  The l a b e l s  
r e f e r  t o  t h e  f o u r  s o l v e n t - r e f i n e d  c o a l s  s p e c i f i e d  i n  
t h e  t e x t .  
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APPLICATIONS OF ON-LINE ElULTIDIMENSIONAL 
CHROMATOGRAPHY TO SOLVENT REFINED COAL 

T. i'l. Chen, J. A. Apffel, H. M. McNair 

Department of Chemistry, Virginia Polytechnic Institute 
and State University, Blacksburg, Virginia 24061 

Solvent refined coal (SRC) is predominately aromatic in nature and contains 
many polyaromatic hydrocarbons (PAHs). Several PAH'S are highly carcinogenic 
and therefore a knowledge of PAH distribution in SRC is important for health 
reasons as well as the basic information about the composition of SRC. 

SRC is a complex mixture a d  attempts to elucidate structure or compositional 
details by a single analytical technique have had limited success. 
chosen several on-line multidimensional chromatographic techniques to examine 
the hexane soluble fraction of SRC. 
LC (reverse phase); LC/GC; and LC/LC/Fluorescence. The latter technique 
proved to be the most useful and will be discussed in detail in this paper. 

We have 

These techniques include LC (silica gel)/ 

An SRC sample from AMAX feed stock (obtained from Southern Services, Inc., 
Wilsonville, Ala) was continously extracted with hexane. 

A prepacked silica gel column (size A ;  24 x 1 cm; S1-60 silica gel) 
from E. M. Laboratories, Cinn. Ohio was the first column. HPLC grade hexane, 
1.8 ml/min was used to elute a 250 microliter solution of approximately 50 mg 
of sample. Typical results are shown in figure 1. Note in figure 1 that it 
was necessary to backflush the column after 70 minutes to elute high molecular 
weight material. The column was also washed with methylene chloride for 30 
minutes before another sample was injected. The fractions containing PAHs are 
numbered 5 to 10. 

Silica gel separates PAH's roughly by the number of condensed aromatic 
rings. Six fractions of potential. PAH content wer chosen based on the 
retention times of a standard sample containing: Napthalene, 1-Methylnaphthalene, 
2-Methylnaphthalene, Acenaphthalene, Flurene, Phenanthrene, Anthracene, 
2-Methylanthracene, Fluorathene, Pyrene, Benzo(A)Bnthracene, Chrysene, 
Fluoranthene, Perylene, Benzo(A)Pyrene, Benzo(G,H,I)Perylene, Indeno(l,2,3)Pyrene. 

In early work the six fractions were collected manually, dried by nitrogen, 
dissolved in acetonitrile and injected onto an analytical reverse phase column, 
Vydac RP Column, 25~0.32 cm (Separations Group, Hisperia Ca.). Mobile phase 
was a mixture of acetonitrile and water (composition and flow rate changed for 
different fractions). Detection was a UV-254 nm photometer coupled in series 
with a Spectrofluorometer (Varian Model SF-330, Palo Alto, CA) equipped with a 
16 u l  HPLC flow cell. 

PAH's were identified by 3 chromatographic techniques: (1) rentention time; 
( 2 )  ratio of fluorescence/UV detector response; (3) fluorescence spectrum of 
trapped fractions in the SF 330 flow cell. 

PAH distribution in the fractions is shown in Table 1. Characterization 
by simple retention time, and fluorescence/UV rosponse ratios was dieticult. 
Figures 2,3,4 show fraction 7 eluted under identical chromatographic conditions, 
but recorded at 3 separate fluorescence excitation and emission wavelengths. 
The selective fluorescence response of the various PAII's was the key to 
identification. 
Figures 2, 3 and 4 to aid in identification. 

Note that standard samples are shown under the SRC samples in 
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Table 1 PAH Distribution in SRC Fraction 
Fraction PAH 

I 

5 napthalene, 

6 naphthalene 
7 phenanthrene. anthracene. 

2-- 

2-methylanthracene and pyrene 
8 fluoranthene 
9 benzo (a) anthracene, perylene 

and benz (a) pyrene 

and benz (a) pyrene 
10 benzo (a) anthracene, perylene 

INSTRUMENTATION 

Figure 5 is a schematic of the multidimensional or LC/LC/Fluorescence 
system. The LC is a Varian model 5040, a single reciprocating piston pump with 
3 solvent inlet valves controlled by a microprocessor. For LC/LC operation two 
Valco automatic six-port valves are used to trap fractions and divert the proper 
fraction to the second LC column. One limitation of the on-line LC/LC system 
is the incompability of solvent for the different LC columns. Small volumes of 
hexane (10-30 ul) such as used here can be injected onto the reverse phase 
system. 

The LC/GC system used employed a Varian model 8070 LC/GC interface and 
has been reported by Apffel elsewhere (1). In this application a hydrocarbon 
group separation was performed by W L C  on a 5 p silica column using hexane 
as a mobile phase (See figure 6 ) .  
by standards and automatically injected into a capillary GC. The GC 
separation was temperature programed and run on either an SE-30 or a SE-52 
WCOT capillary. GC detection was by FID (See Figure 7). 

The PAH'S were sampled at points determined 

CONCLUSIONS 

On-line coupled chromatographic techniques allow separations not easily 
done off-line. The on-line techniques are easily automated (increasing 
reproducibility) and allow small transfer volumes between systems. The main 
limitation with LC/LC is the incompatibility of mobile phases when the columns 
are normal phase and reverse phase. 
(since only a portion of the peak is injected) and degradation of GC columns 
with some LC mobile phases. 
technique to examine complex fractions like SRC and enhances the separating 
power. 

With LC/GC the main problem is quantitation 

The use of selective detectors in series is a good 

REFERENCES 

(1) A. Apffel, R. Majors, H. McNair, "Quantitative Studies Using an LC/GC 
System"; paper presented at Pittsburgh Conference March 1980; submitted to 
J. Chromatography Science. 

8 



- HEXANE )teCH2CI2-+i 

I SRC-HEXANE FRACTION 

UV 254nm 

W 
V 
2 
Q 

Lz 
0 
v, 

Q 

m 

m 

I I I I I I I 1-- 
0 10 20 30 40 50 60 

MINUTES 

Fig. 1 Fraction of SRC from LC Analysis for Further Work 

> 
v) z 
W 
I- z 
- A  

k 

FRACTION 7 
E X - 2 8 0  nm 
E M - 3 6 0  nm 

1. PHENANTHRENE 
2 .  PYREYE 

- 1 
0 5 IO 15 

MINUTES 

FRACTION 7 
E X - 2 5 4  nm 
E M - 4 3 0  nrn 

cn z 
W 
I- 
f 

1. ANTHFACENE 
2 .  FLUOKANTHENE 
3 .  2 -XETHYLANTilRACENE 

0 JL 5 -  I O  15 

MINUTES 

Fig. 2 Fraction 7 Fig. 3 Fraction 7 

9 



Y 

I 

FRACTION 7 
EX-I38 nm 

EM- j95 nm 

k J  2 W c 

z 

- 
0 5 10 15 

MINUTES 

Fig. 4 Fraction 7 

SAMPLINQ VALVE 

SAMPLING LOOP 

VALVE A 

TRAPPXG LOOP Rf 
VALVE B by 

COLI JLIN + 1  

U 

Fig. 5 Column Switching Schematic-LCILCIFluorescence 

10 



S R C  HEXANE S O L U B L E S  
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Coupled-Column Chromatography Used F o r  
The A n a l y s i s  o f  Coa l -Der ived  L i q u i d s  

E .  Katz and  K .  Ogan 
The P e r k i n - E l m e r  C o r p o r a t i o n  

blain Avenue, Norwalk,  CT 06856 

Our g o a l  i s  t o  u t i l i z e  t h e  newes t  LC t e c h n o l o g y  t o  p r o v i d e  
s i g n i f i c a n t  improvements  i n  a r e a s  o f  a n a l y t i c a l  i n t e r e s t .  The a n a l y s i s  
o f  complex samples  i s  a c h a l l e n g i n g  p rob lem.  Conven t iona l  a n a l y t i c a l  
methods f o r  complex samples  i n v o l v e  s e v e r a l  s t e p s ,  and hence  a r e  long  
and l a b o r i o u s .  Modern L C  t e c h n o l o g y  o f f e r s  speed  and e f f i c i e n c y ,  
p a r t i c u l a r l y  f o r  t h e  sample  c l e a n - u p  and  f r a c t i o n a t i o n  s t e p s .  

We have  d e v e l o p e d  a f r a c t i o n a t i o n  method which  makes u s e  o f  
two d i f f e r e n t  t y p e s  of co lumns:  a l o w - r e s o l u t i o n  p a r t i t i o n  column 
and a s i z e - e x c l u s i o n  column. The low r e s o l u t i o n  column has  t h e  same 
s e p a r a t i o n  mechanism a s  t h e  u l t i m a t e  a n a l y t i c a l  column. T h i s  
f r a c t i o n a t i o n  s t a g e  l i m i t s  t h e  r e t e n t i o n  r a n g e  o f  compounds t o  be  
ch romatographed  i n  t h e  a n a l y t i c a l  s t e p .  The s e l e c t e d  f r a c t i o n  from 
t h i s  low r e s o l u t i o n  column i s  t r a n s f e r r e d  t o  a s i z e - e x c l u s i o n  column 
which  s e p a r a t e s  compounds on t h e  b a s i s  o f  t h e i r  m o l e c u l a r  s i z e .  Th i s  
s econd  s t a g e  o f  f r a c t i o n a t i o n  g r e a t l y  r e d u c e s  t h e  number o f  compounds 
w i t h i n  t h i s  r e t e n t i o n  r a n g e .  

We have  u t i l i z e d  t h e  coupled-column ch romatography  (CCC) sys t em 
t o  o b t a i n  f a s t  and q u a l i t a t i v e  c h a r a c t e r i z a t i o n  o f  a sample  p r i o r  t o  
t h e  a n a l y t i c a l  s t e p .  

We have  d e m o n s t r a t e d  t h e  c o m p a t i b i l i t y  o f  t h e  C C C  sys t em w i t h  
a n a l y t i c a l  methods ,  s p e c i f i c a l l y ,  t h e  d e t e r m i n a t i o n  o f  PAHs and p h e n o l s  
by r e v e r s e d - p h a s e  L C .  

Use o f  t h e  CCC f r a c t i o n a t i o n  sys t em w i t h  s amples  such  as c o a l  
l i q u i d s  r e s u l t e d  i n  v e r y  r e p r o d u c i b l e  pe r fo rmance  o f  a n a l y t i c a l  co lumns ,  
pe r fo rmance  which  i s  r e q u i r e d  f o r  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  
i n d i v i d u a l  compounds. 

A d d i t i o n a l  v e r i f i c a t i o n  o f  i n d i v i d u a l  PAHs was p r o v i d e d  by 
f l u o r e s c e n c e  d e t e c t i o n  a t  two s e l e c t i v e  e x c i t a t i o n  and e m i s s i o n  wave- 
l e n g t h  s e t s .  

complex samples  i s  n e e d e d ,  a d d i t i o n a l  r e s o l u t i o n  i s  r e q u i r e d .  
I n  t h e  c a s e  where  t h e  d e t e r m i n a t i o n  o f  many compounds i n  ve ry  
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CHARACTERIZATION OF HIGH BOILING FISCHER-TROPSCH LIQUIDS 

FRANK P. DI SANZO 

MOBIL RESEARCH/DEVELOPMENT CORP., PAULSBORO, NEW JERSEY 08066 

INTRODUCTION 

Fischer-Tropsch liquids obtained through the indirect lique- 
faction of coal via synthesis gas (CO+H2) are expected to become 
an important source of fuel during the next several decades. 
Their commercial feasibility has already been demonstrated (1). 

The hydrocarbon products from the Fischer-Tropsch process 
range from methane to high molecular weight compounds. In addition, 
relatively large amounts of oxygenates are produced. The quality of 
the gasoline product is such that extensive upgrading is required to 
produce stable, high octane motor fuels. Synthesis gas has been con- 
verted to high octane gasoline by a combination of Fischer-Tropsch 
synthesis followed by product upgrading with a ZSM-5 class catalyst. 
The application of ZSM-5 class catalyst to the production of high 
octane gasoline from methanol has already been demonstrated ( 2 - 4 ) .  

In conjunction with process development for the conversion of 
synthesis gas to high octane gasoline analytical methods are being 
developed to characterize in considerable detail the hydrocarbons 
and oxygenates in Fischer-Tropsch stage one effluent prior to their 
passage over a reactor with ZSM-5 class catalyst. These techniques 
will enable the effects of process variables on the composition of 
stage one products to be measured and subsequent effects of varia- 
tions in Fischer-Tropsch composition on ZSM-5 catalysis to be 
defined. 

Published Fischer-Tropsch analytical methods (5-11) have dealt 
mainly with relatively low molecular weight components produced 
during Fischer-Tropsch catalyst studies with little emphasis on the 
higher boiling hydrocarbons and oxygenates which may be produced in 
large scale reactors. 

In this paper, gas and preparative liquid chromatographic 
methods for the characterization of Fischer-Tropsch hydrocarbons and 
oxygenates boiling above 170'C (ClO+) are presented. 

EXPERIMENTAL 

Materials. Fischer-Tropsch samples obtained under various 
process conditions were studies in detail. All three samples 
represented mostly components boiling above 170°C (ClO+). 

Separation Scheme. The separation scheme (Figure 1 )  devised to 
isolate and characterize the various compound classes found in 
Fischer-Tropsch liquids consisted of preparative low pressure liquid 
chromatography (LC) and gas chromatography. Total hydrocarbons 
isolated by silica LC were resolved into paraffins and olefins by 
argentation liquid chromatography as previously described else- 
where [ 12 I .  . ..___ 

Silica Low Pressure Liquid Chromatography. The LC system 
consisted of a Waters 6000 pump (Waters Associates, Milford, Mass.) 
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and a Rheodyne 70-10 v a l v e  c o n t a i n i n g  a 10 m l  sampling loop. 
S o l v e n t s  were d i s t i l l e d  i n  g l a s s  (Burdick & Jackson ,  Muskegeon, 
Michigan) .  
micron Bio-Si1 s i l i ca  g e l  (Bio-Rad, Richmond, C a l i f . )  a c t i v a t e d  i n  
a i r  a t  150 C f o r  12 hour s .  

d i r e c t l y  o n t o  t h e  l i q u i d  chromatographic  column. 
C c o n t a i n e d  an i n s o l u b l e  h igh  molecu la r  we igh t  wax which was removed 
p r i o r  t o  l i q u i d  ch romatograph ic  a n a l y s i s  t o  p r e v e n t  p lugg ing  of t h e  
i n j e c t i o n  v a l v e  and column. S o l u b l e  hydrocarbons and oxygenates  
were e x t r a c t e d  from t h i s  i n s o l u b l e  wax by weighing approx ima te ly  3 
grams of t h e  Fischer-Tropsch samples i n t o  a c e n t r i f u g e  t u b e ,  adding 
3-5 m l  o f  t o l u e n e ,  s h a k i n g  u n t i l  t h e  t o t a l  sample was d i s p e r s e d ,  and 
t h e n  c e n t r i f u g i n g  f o r  f i v e  minu tes .  The s u p e r n a t a n t  l i q u i d  was 
removed and f i l t e r e d  o v e r  a pre-weighed 4-5.5 micron f r i t .  T h i s  
p rocedure  was r e p e a t e d  u n t i l  t h e  e x t r a c t i n g  t o l u e n e  was c l e a r  
( u s u a l l y  3-4 e x t r a c t i o n s ) .  F i n a l l y ,  t h e  remaining i n s o l u b l e  wax was 
t r a n s f e r r e d  q u a n t i t a t i v e l y  t o  t h e  f r i t  which upon d r y i n g  was 
reweighed t o  calculate  p e r c e n t  i n s o l u b l e  wax .  The t o l u e n e  s o l u t i o n  
c o n t a i n i n g  t h e  e x t r a c t e d  hydrocarbons and oxygena te s  was reconcen- 
t r a t e d  t o  o b t a i n  a 3 m l  s o l u t i o n  which was i n j e c t e d  o n t o  t h e  LC 
column d e s c r i b e d  above. The i n j e c t e d  sample w a s  e l u t e d  s e q u e n t i a l l y  
w i t h  hexane (250 m l ) ,  methylene c h l o r i d e  ( 2 5 0  m l ) ,  and methanol (150 
m l )  a t  f low r a t e s  o f  5-6 ml/min. The s o l v e n t s  were removed with a 
t h r e e  b a l l  Snyde r  column and modif ied n i t r o g e n  purged pre-weighed 
beake r s .  A f t e r  s o l v e n t  e v a p o r a t i o n  t h e  b e a k e r s  were re-weighed t o  
o b t a i n  a we igh t  p e r c e n t  a n a l y s i s  on each  LC f r a c t i o n  ( T a b l e  1 ) .  
99.6% of t h e  to ta l  sample i n j e c t e d  o n t o  t h e  s i l i c a  column was 
r ecove red .  Samples c o n t a i n i n g  r e s i d u a l  C5-C9 hydrocarbons may 
e x h i b i t  lower r e c o v e r i e s  due  t o  t h e  l o s s  of t h e s e  hydrocarbons 
d u r i n g  s o l v e n t  e v a p o r a t i o n .  

column w a s  packed w i t h  20% s i l v e r  n i t r a t e  impregnated on 32-63 
micron Woelm s i l i c a  gel  ( 1 2 ) .  The s i l i c a  was p repa red  by d i s s o l v i n g  
t h e  s i l v e r  n i t r a t e  i n  a c e t o n i t r i l e  and t h e n  add ing  t h e  s i l i c a .  The 
s o l v e n t  was removed i n  a d a r k  room by r o t a r y  e v a p o r a t i o n  wh i l e  
pu rg ing  wi th  n i t r o g e n  and h e a t i n g  with an i n f r a - r e d  lamp. The 
packed g l a s s  column was p r o t e c t e d  from l i g h t  by comple t e ly  cove r ing  
w i t h  aluminum f o i l .  

The capacity of t h e  s i l v e r  n i t r a t e  column was approx ima te ly  
100 mg o f  t o t a l  hydroca rbons  i s o l a t e d  from t h e  s i l i c a  column. Three 
s e p a r a t e  i n j e c t i o n s  were made f o r  each sample.  

Gas Chromatography. G a s  chromatographic  a n a l y s i s  on each  LC 
f r a c t i o n  was pe r fo rmed  on a SIGMA 2 GC ( P e r k i n  E l m e r ,  Norwalk, C t . )  
equipped w i t h  a f l a m e  i o n i z a t i o n  d e t e c t o r .  OV-101 G l a s s  SCOT 
columns were p u r c h a s e d  from SGE ( A u s t i n ,  T e x a s ) .  Samples were 
i n j e c t e d  i n  t h e  s p l i t l e s s  mode. 

B e l l e f o n t e ,  Pa.)  column was used for t h e  p a r a f f i n  f r a c t i o n .  Peak 
i n t e g r a t i o n  was pe r fo rmed  w i t h  a V a r i a n  620 Data System. 

A 30cm x 15mm i .d .  g l a s s  column was packed w i t h  20-44 

2 . 7  gms of t h e  Sample A Fischer-Tropsch l i q u i d  was i n j e c t e d  
Samples B and 

A r g e n t a t i o n  L i q u i d  Chromatography. A 30 c m  x 9 mm i . d .  g l a s s  

A packed 6 '  x 1/8" SS 1 . 5 %  D e x s i l  300GC on Supe lcopor t  (Supelco,  

RESULTS/DISCUSSION 

Major F u n c t i o n a l  Groups.  I R  s p e c t r a  o f  t h e  t h r e e  F i s c h e r -  
Tropsch samples prior t o  l i q u i d  ch romatograph ic  a n a l y s i s  a r e  g i v e n  
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in Figure 2 .  The major absorption bands of interest are the carbonyl 
(1700-1750 cm-l), olefin (910 cm-l, 955 cm-l) and the (CHZ!~ 
( 1720-730cm-1). The carbonyl bands for all three samples indicate 
the presence of more than one carbonyl functional group. In Sample 
A a-olefins (910 cm-1) predominate however, sample B has approxi- 
mately equal amounts of a-(910 cm-j) and ~-01efins (960cm-l) 
while in sample C the 8-olefins are the major olefins. 

chain paraffins are proportional to the high molecular weight wax 
present. Samples B and C exhibit a strong absorption due to the 
high content of insoluble wax present in these samples. Sample A 
which contained no detectable insoluble wax has a low absorption at 
720-730 cm-1. 

Paraffins. Gas chromatographic fingerprints (Figure 3) of the 
paraffins isolated by argentation LC indicate that Samples B and C 
contain normal paraffins up to approximately C45. In contrast, 
Sample A contains normal paraffins up to approximately C35. In 
addition, the latter sample contains a distinct second maximum at 
C21-C22 and a relatively large envelope. Components appearing 
between the normal-paraffins (Figure 3) are believed to be iso- 
paraffins (13,14). 

Olefins. Gas chromatograms of the three olefinic fractions 
isolated by argentation LC are shown in Figure 4 .  The two major 
olefin types observed in all samples are the linear a-olefin and the 
B-olefin. In Sample A the linear a-olefins are the major components 
whereas in Sample B both the linear a- and B-olefins predominate. 
In Sample C linear @-olefins are the major components. These 
results are consistent with the IR data presented in Figure 2. 

Other minor olefins believed to be methyl-substituted are also 
present. In all three samples olefins were detected up to C22-C25. 

Ketones and Esters. Infra-red analysis of the methylene 
chloride LC fraction (Figure 5 )  indicated that the major functional 
groups were ketones (1705 cm-1) and esters (1735 cm-l). The 
aldehyde content is very low as evidenced by the lack of significant 
absorption at 2720-2820 cm-l. No aldehydes were detected by FT 
H-NMR. In addition to IR analysis these compound classes were 
confirmed by wet chemical functional group micro-reaction. Gas 
chromatograms were compared before and after reaction and the 
shifting and/or decrease in peak areas indicated a positive reaction. 
Esters were confirmed by reaction with methanolic-sodium hydroxide 
and ketones by reaction with 2,4-dinitrophenylhydrazine ( 1 5 ) .  
Individual components were identified by co-injection with authentic 
standards. Figure 6 compares the SCOT column chromatograms of 
Samples A and C methylene chloride fraction. Sample B produced a 
gas chromatogram similar to that of Sample C. 

Methylketones are the major components in all three samples. 
This was confirmed by gas chromatography and FT H-NMR and C13-NMR. 
Sample A contains detectable esters which were confirmed by the 
methanolic-sodium hydroxide reaction. 

(Figure 5) indicated the presence of alcohol (3420 cm-1) and 
carbonyl (1705 cm-l) bands. The carbonyl band was attributed to 
carboxylic acids as confirmed by a separate extraction of the total 
sample with aqueous NaHC03 (Figure 5). No methylketone contamina- 
tion from the methylene chloride fraction was detected by gas 
chromatography . 

The bands at 720-730 cm-1 which are characteristic to long 

Alcohols and Acids. IR analysis of the methanol LC fraction 
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The a l c o h o l s  i n  t h i s  f r a c t i o n  were confirmed by g a s  chroma- 
tography by a c e t y l a t i n g  wi th  a c e t i c  a n h y d r i d e  i n  t h e  p r e s e n c e  of 
p y r i d i n e  ( 1 6 )  which r e s u l t e d  i n  peak s h i f t i n g  and improved peak 
e f f i c i e n c y  ( F i g u r e  7). I n d i v i d u a l  components were i d e n t i f i e d  by 
c o - i n j e c t i o n  wi th  s t a n d a r d  compounds. Sample A a l c o h o l s  ( F i g u r e  7a) 
c o n s i s t e d  most ly  o f  normal a l c o h o l s  up t o  C20 whereas Sample B 
c o n t a i n e d  both  normal and s e c o n d a r y  a l c o h o l s  which p a r a l l e l e d  t h e  
l i n e a r  a- and 6 - o l e f i n  c o n c e n t r a t i o n  ( F i g u r e  4 C ) .  Sample C c o n t a i n e d  
o n l y  t r a c e  amounts of  a l c o h o l s .  I n i t i a l  s t u d i e s  of t h e  methyl  
d e r i v a t i v e s  of  t h e  e x t r a c t e d  a c i d s  i n d i c a t e d  t h a t  normal-carboxyl ic  
a c i d s  of  CS t o  ClO+ a r e  p r e s e n t  i n  t h e s e  samples .  

o f  t h e  t h r e e  samples  were r e c o n s t r u c t e d  f o r  t h e  major components of 
v a r i o u s  f u n c t i o n a l  groups  ( F i g u r e s  8 and 9 ) .  Oxygenates ,  having 
b o i l i n g  p o i n t s  h i g h e r  than  t h e i r  cor responding  hydrocarbons of t h e  
same carbon number reached  a maximum a t  lower carbon numbers. This  
m a x i m u m  may v a r y  depending  o n  t h e  e x a c t  b o i l i n g  p o i n t  cut of t h e  
Fischer-Tropsch sample.  

D i s t r i b u t i o n  p l o t s  of oxygenates  (methylke tones ,  n -carboxyl ic  
a c i d s  and a l c o h o l s )  f o l l o w  c l o s e l y  t h o s e  of t h e  l i n e a r  a - o l e f i n s  
and 6 - o l e f i n s .  The ratio of l i n e a r  a - o l e f i n s  t o  6 - o l e f i n s  is 
s t r o n g l y  dependent  o n  p r o c e s s  c o n d i t i o n s  ( e . g .  t e m p e r a t u r e ) .  B o t h  
t h e  o l e f i n s  and t h e  oxygenates  c o n t a i n  d e t e c t a b l e  carbon numbers u p  
t o  approximate ly  C22-C25. 

Except f o r  t h e  l inear  a - o l e f i n s  and a l c o h o l s  t h e  o t h e r  p r o d u c t s  
a r e  probably  formed i n  secondary  r e a c t i o n s  ( 1 4 ) .  Of i n t e r e s t  is t h e  
carbon number d i s t r i b u t i o n  p l o t  f o r  t h e  major  e s t e r s  d e t e c t e d  i n  
Sample A ( F i g u r e  8 )  which e x h i b i t s  a maximum a t  h i g h e r  carbon number 
t h a n  t h e  o t h e r  oxygenates .  These esters a r e  b e l i e v e d  t o  be mixed 
e s t e r s  a s  a r e s u l t  of secondary r e a c t i o n s  o c c u r r i n g  i n  t h e  r e a c t o r s  
among t h e  major  c a r b o x y l i c  a c i d s  and t h e  major  a l c o h o l s  p r e s e n t :  

Carbon Number D i s t r i b u t i o n  P l o t s .  D i s t r i b u t i o n  p l o t s  f o r  two 

B 0 
II 

RIC-OH + R2-OH ---> RlC-OR2 
( R l = n ,  n + l ,  n+2 ... ) (R2=m, m+l, m+2 ... ) 

CONCLUSION 

Chromatographic  t e c h n i q u e s  have been developed which w i l l  allow 
a d e t a i l e d  c h a r a c t e r i z a t i o n  of Fischer-Tropsch h igh  b o i l i n g  hydro- 
carbons  and o x y g e n a t e s  o b t a i n e d  under v a r i o u s  p r o c e s s  c o n d i t i o n s .  
These t e c h n i q u e s  a r e  c u r r e n t l y  be ing  r e f i n e d  t o  i n c l u d e  newer 
chromatographic  t e c h n i q u e s  ( e . g .  f u s e d  s i l i c a  c a p i l l a r y  columns-GC, 
GC/FT-IR) and mass s p e c t r o m e t r i c  c h a r a c t e r i z a t i o n  of  t h e  minor and 
major  components. 
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TABLE 1 

LIQUID CHROMATOGRAPHIC ANALYSIS OF 170°C+ COMPONENTS 

Paraffins 

Olefins 

Esters + Ketones 

Acids + Alcohols 

Insoluble Wax 

LOSS 

SAMPLE A SAMPLE B SAMPLE C 

72.7 70.4 70.4 

1 6 . 2  13 .2  9.4 

10 .6  1 .5  6 . 3  

1 . 1  2 .0  0 . 2  

0 1 2 . 5  5 . 7  

0 . 4  0.4 0.4 
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CALIBRATION CURVE FOR GPC ANALYSIS 
OF ASPHALTS 

B. Brul6 

Labora to i r e  C e n t r a l  d e s  Pones e t  ChaussGes, Se rv ice  de Chimie, 
58 Boulevard LefSbvre, 75732 P a r i s  Cedex 15, France 

INTRODUCTION 

A b e t t e r  unde r s t and ing  of t h e  s t r u c t u r e  o f  a s p h a l t s  i s  important  not 
only f o r  s c i e n t i f i c  purposes ,  but a l s o  from t h e  t e c h n o l o g i c a l  and economic 
viewpoints  because t h i s  b i n d e r  is used i n  v e r y  l a r g e  q u a n t i t i e s  i n  road 
Construct ion.  Research workers  t h e r e f o r e  seek  t o  a c q u i r e  in-depth knowledge of 
t h i s  b inde r ,  making i t  p o s s i b l e  t o  r e l a t e  composi t ional  parameters  t o  p r a c t i c a l  
p r o p e r t i e s .  Among t h e  p h y s i c a l  and chemical a n a l y s i s  techniques capable  of 
c o n t r i b u t i n g  t o  t h e  c h a r a c t e r i z a t i o n  of such a medium, g e l  permeation chromato- 
graphy (GPC) i s  a good cho ice  because of i t s  e f f i c i e n c y  and i t s  e a s e  of 
a p p l i c a t i o n .  F u r t h e r ,  t h e  development of f i n e l y  graded subgrades has  added t o  
t h e  preceding advantages t h a t  of a r e sponse  time of t h e  same o rde r  of magnitude 
a s  t h a t  ob ta ined  w i t h  gas  chromatography. 

The a p p l i c a t i o n  of GFC t o  t h e  c h a r a c t e r i z a t i o n  of heavy petroleum 
res idues  h a s  a l r e a d y  been d e a l t  w i t h  i n  a c e r t a i n  number of p u b l i c a t i o n s .  Among 
t h e s e  mention may b e  made of the  work of A l t g e l t  (1 ,2 )  on t h e  s c a t t e r  range of 
t h e  molecular  weights  of a s p h a l t e n e s  and ma l t enes ,  t h a t  of Richman ( 3 )  and of 
Bynum and T r a x l e r  ( 4 )  on t h e  q u a l i t a t i v e  c h a r a c t e r i z a t i o n  of road a s p h a l t s .  The 
problems r a i s e d  by molecular  weight c a l i b r a t i o n  were i n v e s t i g a t e d  by Albaugh e t  
a l .  ( 5 )  a s  w e l l  a s  by Dickson e t  a l .  (6 ,7) .  Snyder (8) s tud ied  t h e  problems 
involved i n  t h e  a p p l i c a t i o n  o f  a n a l y t i c a l  GPC t o  a s p h a l t  c h a r a c t e r i z a t i o n  and 
demonstrated t h a t ,  u n l i k e  polymers, t h e  response of r e f r a c t o m e t r i c  and u l t ra -  
v i o l e t  d e t e c t o r s  w a s  no t  independent of e l u t i o n  volume. Reerink and Li jzenga 
(9)  have proposed a molecular  weight c a l i b r a t i o n  method based upon t h e  compari- 
son of r e s u l t s  ob ta ined  by u l t r a c e n t r i f u g a t i o n .  S i g n i f i c a n t  experimental  work 
invo lv ing  f r a c t i o n a t i o n  of a s p h a l t  by p r e p a r a t i v e  GPC and t h e  c h a r a c t e r i z a t i o n  
of f r a c t i o n s  b y - a n a l y t i c a l  GPC, v i scos ime t ry ,  vapor p r e s s u r e  osmometry, i n f r a -  
r e d  and n u c l e a r  magnet ic  resonance spectrometry have been pub l i shed  by Kiet e t  
a l .  ( I D ) .  

A l l  of t h i s  work has  demonstrated t h a t  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  
of GPC a s p h a l t  chromatograms r a i s e s  two t y p e s  of problem. The f i r s t ,  t h a t  of 
c o r r e c t i n g  t h e  r e sponse  o f  t h e  d e t e c t o r s ,  h a s  been d e a l t  w i th  i n  e a r l i e r  
p u b l i c a t i o n s  ( I I , 1 2 ) .  The second, r e l a t i v e  t o  t h e  e s t ab l i shmen t  o f  a c a l i b r a -  
t i o n  c u r v r i n  molecu la r  we igh t ,  i s  d e a l t  w i th  i n  t h e  p re sen t  paper .  

FRACTIONATION OF ASPHALTS BY PREPARATIVE GPC 

To p l o t  a c a l i b r a t i o n  curve i n  GPC t h e  b e s t  approach c o n s i s t s  i n  
i n j e c t i n g  a s u f f i c i e n t  number of s t anda rds  hav ing  a chemical s t r u c t u r e  and 
make-up i d e n t i c a l  t o  t h o s e  o f  t h e  product  t o  be c h a r a c t e r i z e d .  I f  t h e s e  
s t anda rds  do no t  e x i s t ,  they must be prepared and c h a r a c t e r i z e d .  
used p r e p a r a t i v e  GPC t o  i s o l a t e  a s u f f i c i e n t  number of narrow f r a c t i o n s  of 
_ _  = = * h a 1  r - - - - - -  tc c f  varie iJc  o r i o i n c .  ThQ r l n s i r n l  c o n d i t i o n s  of a p r e p a r a t i v e  
f r a c t i o n a t i o n  a r e  given below: 

- Apparatus: Waters Chromatoprep 101 
- Columns: 
- Solvent :  r e d i s t i l l e d  chloroform 
- Flow r a t e :  20 ml/min 
- I n j e c t e d  volume: 100 m l  

We have t h u s  

2 columns ( I O 3  and IO4 I ) ,  diameter  5 cm, l e n g t h  120 cm 
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- I n j e c t e d  s o l u t i o n  c o n c e n t r a t i o n  : 10 % - Volume of f r a c t i o n s  : 125 m l .  

The e f f i c i e n c y  of t h e  f r a c t i o n a t i o n  i s  eva lua ted  by t h e  i n j e c t i o n ,  i n  
a n a l y t i c a l  GPC on two micro-Styragel  columns of IO3 and IO4 A ,  of  0 . 3  mg of t h e  
most r e p r e s e n t a t i v e  f r a c t i o n s .  F igu re  1 shows t h e  chromatograms o f  t h e  f r ac -  
t i o n s  6 t o  18. 

It i s  no ted  t h a t ,  a p a r t  from t h e  h e a v i e s t  f r a c t i o n s  ( f r a c t i o n s  6, 7 and 
8) f o r  which t h e  behav io r  i s  s p e c i a l  and which r e p r e s e n t  l e s s  than I % of the  
i n i t i a l  product ,  t h e  p r e p a r a t i v e  s e p a r a t i o n  i s  indeed c a r r i e d  o u t  acco rd ing  t o  
t h e  molecular  weight .  A c a l c u l a t i o n  o f  t h e  average c h a r a c t e r i s t i c s  c a r r i e d  o u t  
on the  l a r g e s t  f r a c t i o n  ( f r a c t i o n  16) l e a d s  t o  t h e  fol lowing numerical  va lues  : 
Mn ( i n  equ iva len t  po lys ty rene )  = 555, Mw ( i n  e q u i v a l e n t  po lys ty rene )  = 690. The 
p o l y d i s p e r s i t y  is t h u s  1.24 ,  which can be regarded a s  s a t i s f a c t o r y .  

CALIBRATION CURVE BY VAPOR PRESSURE AND MEMBRANE OSMOMETRY 

The de te rmina t ion  of t h e  number ave rage  molecular  weights  - e i t h e r  by 
vapor p re s su re  osmometry (VPO) or by membrane osmometry - of t h e  a s p h a l t  f r a c -  
t i o n s  ob ta ined  by p r e p a r a t i v e  GPC makes i t  p o s s i b l e  t o  e s t a b l i s h  a f i r s t  
experimental  r e l a t i o n s h i p  between e l u t i o n  volume ( i n  a n a l y t i c a l  GPC) and 
molecular  weight. Most of t h e  measurements were performed by means of a 
Mechrolab 301A vapor p r e s s u r e  osmometer. Some de te rmina t ions  were c a r r i e d  out ,  
f o r  the  f r a c t i o n s  of h igh  molecular  we igh t ,  w i th  a membrane osmometer Of the  
same make. The measurements were conducted i n  benzene a t  37OC on s o l u t i o n s  
wi th  concen t r a t ions  va ry ing  between 20 and 5 g.1-1. It was thus  p o s s i b l e  t o  
determine the number molecular  we igh t s  of p r e p a r a t i v e  GPC f r a c t i o n s  of four  
a s p h a l t s ,  namely two 80/100 samples (ELF Feys in  and ELF Grandpui ts)  and two 
4 0 / 5 0  samples (Shel l  and CFR). The r e p r e s e n t a t i v e  p o i n t s  of t h e  molecular  
weight a s  a f u n c t i o n  of d i s t r i b u t i o n  c o e f f i c i e n t  a r e  given i n  F igu re  2 .  
v a l u e s  of the molecular  weights  corresponding t o  t h e  p o i n t s  l oca t ed  i n  the 
upper p a r t  of t h e  curve (Mn h ighe r  than  10,000) were obtained by membrane 
osmometry. This  f i g u r e  a l s o  shows (cont inuous bold l i n e )  t h e  c a l i b r a t i o n  
curve i n  molecular  weight p l o t t e d  f o r  po lys ty renes .  

The 

I t  i s  noted t h a t  t h e  experimental  p o i n t s ,  a l t hough  ob ta ined  from four  
a s p h a l t  samples having d i f f e r e n t  c rudes  and manufactur ing p rocesses ,  d e s c r i b e  
a s i n g l e  curve .  T h i s  c a l i b r a t i o n  curve ,  s p e c i f i c  t o  a s p h a l t s ,  i s  no t  ve ry  
d i f f e r e n t  from the  po lys ty rene  curve f o r  d i s t r i b u t i o n  c o e f f i c i e n t s  between 0.5 
and 0.7. Beyond t h e s e  va lues ,  t h e  a s p h a l t  curve moves e i t h e r  toward t h e  
l a r g e s t  e l u t i o n  volumes, f o r  t h e  same molecular  weight ,  o r  toward t h e  h ighe r  
molecular  weights ,  f o r  a given e l u t i o n  volume. I t  can be noted t h a t  t h e  lower 
p a r t  of t h e  curve (weights  lower than 1000) which corresponds t o  subs t ances  of 
high a romat i c i ty ,  moves s u b s t a n t i a l l y  away from t h e  po lys ty rene  curve,  probably 
owing t o  t h e  s u p e r p o s i t i o n  of an  a d s o r p t i o n  p rocess  which i n c r e a s e s  a s  the 
a r o m a t i c i t y  of t h e  p roduc t s  i n c r e a s e s  and a s  t h e i r  molecular  weight dec reases .  
For  molecular  weight v a l u e s  h ighe r  than 10,000, we s h a l l  see i n  t h e  d i s c u s s i o n  
of t h e  v i s c o s i m e t r i c  measurements t h a t  p a r t  of t h e  s h i f t i n g  can be exp la ined  
by t h e  f a c t  t h a t  the molecular  weight i s  determined on non-ideal s o l u t i o n s .  

INTRINSIC VISCOSITY OF ASPHALT FRACTIONS 

The v i s c o s i m e t r i c  measurements were c a r r i e d  out  i n  THF a t  30°C by 
means of an FICA automatic  d i l u t i o n  v i s c o s i m e t e r .  The sample analyzed i s  a 
CFR 4 0 / 5 0  a s p h a l t  which w e  f r a c t i o n a t e d  under c l a s s i c a l  c o n d i t i o n s .  F igu re  3 
shows the experimental  p o i n t s  corresponding t o  t h e  v a r i a t i o n  of the  expres s ion  
( t - t o ) / t o . C  a s  a f u n c t i o n  of t h e  c o n c e n t r a t i o n  C of t h e  s o l u t i o n  ( t  be ing  the  
s o l u t i o n  f low time and to  the  so lven t  flow t ime) .  
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T h i s  f i g u r e  shows t h a t ,  u n l i k e  what i s  observed i n  t h e  case  of i d e a l  
s o l u t i o n s ,  t h e  r e l a t i o n s h i p s  a r e  n o t  l i n e a r  f o r  t h e  h igh  molecular  weight f r a c -  
t i o n s  except beyond a c o n c e n t r a t i o n  of t h e  o r d e r  of  2 t o  3 g.1-' .  Below t h i s  
v a l u e ,  t h e  curves  bend downward i n  p r o p o r t i o n  t o  t h e  molecular  weight .  
i l l u s t r a t e s  t h e  d i s s o c i a b i l i t y  of t h e  s p e c i e s  as a r e s u l t  o f  d i l u t i o n  and the  
e x i s t e n c e  of a c r i t i c a l  c o n c e n t r a t i o n  beyond which t h e  s o l u t i o n s  have a "normal" 
behavior.  The i n t r i n s i c  v i s c o s i t y  v a l u e s  determined by e x t r a p o l a t i o n ,  to z e r o  
c o n c e n t r a t i o n ,  of t h e  l i n e a r  p a r t  o f  t h e  curve  a r e  t h u s  apparent  v a l u e s  which 
t a k e  i n t o  account a p a r t i a l l y  a s s o c i a t e d  s t a t e .  
measured by vapor p r e s s u r e  osmometry o r  membrane osmometry were determined on 
s o l u t i o n s  whose c o n c e n t r a t i o n  was h igher  t h a n  t h e  c r i t i c a l  c o n c e n t r a t i o n  i n d i -  
c a t e d  by v i s c o s i m e t r y ,  we conclude t h a t ,  h e r e  too ,  what i s  involved is t h e  
apparent  molecular  weights  tak ing  i n t o  account t h e  a s s o c i a b i l i t y  of t h e  s p e c i e s .  

T h i s  

A s  t h e  molecular weights  

CONSTRUCTION OF lql M CURVE OF ASPHALTS 

The numer ica l  v a l u e s  of i n t r i n s i c  v i s c o s i t i e s  and molecular  weights  
make i t  p o s s i b l e  t o  p l o t  t h e  curve  1111 M = f (Kd) f o r  4 0 / 5 0  CFR a s p h a l t  f r a c -  
t i o n s .  T h i s  curve i s  shown i n  F igure  4 t o g e t h e r  w i t h  t h e  u n i v e r s a l  c a l i b r a -  
t i o n  curve (cont inuous  b o l d  l i n e ) .  The d o t t e d  l i n e  i s  t h e  c a l i b r a t i o n  curve 
i n  1 r l  M proposed by Reerink and Lijzenga (9) f o r  a s p h a l t e n e s .  

The d iscrepancy  between t h e  curve i n  1111 M e s t a b l i s h e d  f o r  a s p h a l t  
f r a c t i o n s  and t h e  u n i v e r s a l  c a l i b r a t i o n  curve  i s  q u a l i t a t i v e l y  of t h e  same order  
a s  t h a t  which was observed i n  t h e  c a l i b r a t i o n  of molecular  weight.  It may be 
cons idered  t h a t  t h e  observed d e v i a t i o n  i n  t h e  lower p a r t  o f  t h e  curve  i s  due 
t o  t h e  e l u t i o n  l a g  caused by a d s o r p t i o n  of  a romat ic  subs tances  of  low molecular 
weight.  For  f r a c t i o n s  w i t h  h igh  molecular  weight we have shown t h a t  the  numeri- 
c a l  v a l u e s  of  i n t r i n s i c  v i s c o s i t y  and molecular  weight  were apparent  v a l u e s  
h igher  than t h e  r e a l  v a l u e s  because t h e  measurements were n o t  c a r r i e d  out  on 
i d e a l  s o l u t i o n s  b u t  o n  s o l u t i o n s  whose c o n c e n t r a t i o n  was h i g h e r  than  the  c r i t i -  
c a l  va lue .  The product  1111 M t h u s  measured i s  hence g r e a t e r  t h a n  t h a t  which i s  
obta ined  i n  GPC. 

CALIBRATION CURVE USING UNIVERSAL CALIBRATION 

A s  t h e  m i c e l l a r  behavior  of s o l u t i o n s  o f  a s p h a l t  f r a c t i o n s  of  h igh  
molecular weight l e a d s  to apparent  va lues  d u r i n g  t h e  d e t e r m i n a t i o n  of  molecular 
weight by membrane osmometry, i t  i s  d i f f i c u l t  t o  p l o t  a c a l i b r a t i o n  curve i n  
molecular weight of a s p h a l t s  by t r a d i t i o n a l  means. 
have assumed - a s  a working hypothes is  - t h a t  t h e  u n i v e r s a l  c a l i b r a t i o n  of  
Benoit  e t  a l .  (13) i s  a p p l i c a b l e  t o  a s p h a l t  f r a c t i o n s .  The use  of u n i v e r s a l  
c a l i b r a t i o n  i n  t h e  c a s e  of GPC on micro-packings c a l l s  f o r  cont inuous  measure- 
ment of t h e  v i s c o s i t y  of  t h e  e l u a t e .  It w a s  Ouano ( 1 4 )  who f i r s t  s u b s t i t u t e d  
f o r  t h e  measurement of a f l o w  t ime t h a t  of  t h e  p r e s s u r e  drop  a t  t h e  t e r m i n a l s  of 
a c a p i l l a r y  tube .  The p r i n c i p l e  w a s  t a k e n  up by Lesec (15) who demonstrated 
t h a t  t h e  measurement of t h e  p r e s s u r e  a t  t h e  i n l e t  o f  a c a p i l l a r y  tube  placed 
between t h e  o u t l e t  o f  t h e  columns and t h e  i n l e t  of t h e  r e f r a c t o m e t e r  could be 
i n t e r p r e t e d  i n  terms of v i s c o s i t y .  
d e t e c t o r  d e s c r i b e d  by  Lesrc  and formed a c a p i l l a r y  tube  of 0.23 n m ~  d iameter  and 
3 m l e n g t h .  
ment. A d a t a  a c q u i s i t i o n  system permi ts  t h e  p r o c e s s i n g  of d a t a  from t h e  d e t e c -  
t o r s  by computer. 

Under t h e s e  c o n d i t i o n s ,  we 

We t h e r e f o r e  s e t  up  t h e  v i s c o s i m e t r i c  

A branch a t  t h e  i n l e t  of t h i s  c a p i l l a r y  a l l o w s  p r e s s u r e  measure- 
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volume by means of p o l y s t y r e n e  s t a n d a r d s ,  w e  f r a c t i o n a t e d  t h e  a s p h a l t s  ( f o u r  
samples of 180/200, two of 80/100, two of 60/70 and two of 4 0 / 5 0 )  under  u s u a l  
c o n d i t i o n s  f o r  p r e p a r a t i v e  GPC. Each f r a c t i o n  was analyzed by a n a l y t i c a l  GPC 
wi th  v i s c o s i m e t r i c  d e t e c t i o n  i n  o r d e r  t o  de te rmine  i t s  i n t r i n s i c  v i s c o s i t y  
under t h e  r e a l  c o n d i t i o n s  of  t h e  GPC. 
by r e f e r e n c e  t o  the  u n i v e r s a l  c a l i b r a t i o n  curve .  

I ts  molecular  weight was then  determined 

I 
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We a l s o  used VPO t o  de te rmine  t h e  number average  molecular weights  f o r  
t h e  f r a c t i o n s  of small molecular  weight  which have an i d e a l  behavior i n  s o l u t i o n .  
A l l  t h e  measurement p o i n t s  a r e  shown i n  F i g u r e  5 i n  which we have reproduced t h e  
c a l i b r a t i o n  curve f o r  p o l y s t y r e n e s  (bold l i n e )  and t h e  c a l i b r a t i o n  curve i n  
molecular weight of  a s p h a l t s  p r e v i o u s l y  e s t a b l i s h e d  by membrane osmometry ( t h i n  
l i n e ) .  

It i s  noted t h a t  t h e s e  measurements make i t  p o s s i b l e  t o  d e f i n e  a new 
c a l i b r a t i o n  curve i n  molecular  weight f o r  road a s p h a l t s ,  a c a l i b r a t i o n  c u r v e  
which i s  independent of t h e  o r i g i n  of  t h e  c rude  and of t h e  manufacturing p r o c e s s .  
T h i s  curve i s  much more r e a l i s t i c  than  t h a t  e s t a b l i s h e d  by membrane osmometry 
because i t  i s  p l o t t e d  by measuring the  i n t r i n s i c  v i s c o s i t y  by GPC w i t h  v i s c o s i -  
m e t r i c  d e t e c t i o n ,  b u t  i t s  v a l i d i t y  i s  l i m i t e d  by t h e  hypothes is  i n i t i a l l y  made 
regard ing  t h e  a p p l i c a b i l i t y  of t h e  u n i v e r s a l  c a l i b r a t i o n  t o  a s p h a l t  f r a c t i o n s .  
It i s  a l s o  seen t h a t  t h i s  curve  moves f u r t h e r  away from t h e  curve f o r  po lys ty-  
renes  and molecular  weight i n c r e a s e s ,  thus  v e r i f y i n g  t h e  c l a s s i c a l  h y p o t h e s i s  
t h a t  t h e  compactness of  heavy a s p h a l t  f r a c t i o n s  i n c r e a s e s  w i t h  molecular  weight .  

I n  o r d e r  t o  u L i l i z e  t h i s  new c a l i b r a t i o n  c u r v e  e a s i l y ,  we compared t h e  
c a l i b r a t i o n  curve f o r  a s p h a l t s  w i t h  t h e  c a l i b r a t i o n  curve f o r  p o l y s t y r e n e s .  
The r e l a t i o n s h i p  obta ined  i s  shown i n  F i g u r e  6 .  

The adjustment of  t h i s  r e l a t i o n s h i p  on a second-degree equat ion  l e a d s  t o  
t h e  fo l lowing  express ion:  

l o g  Y = 3.21 - 1.04 X + 0.331 X2 

i n  which Y = a s p h a l t  weight and X = p o l y s t y r e n e  weight .  

Furthermore,  w e  deemed i t  of i n t e r e s t  t o  compare t h e  v a l u e s  of i n t r i n s i c  
v i s c o s i t y  and of  molecular  weight ob ta ined  by GPC wi th  the  r e s u l t s  publ i shed  by 
A l t g e l t  (16),  on t h e  one hand, and K i e t  e t  a l .  (IO) on t h e  o t h e r  hand. The 
d i f f e r e n t  r e l a t i o n s h i p s  l o g  = f log  (M) a r e  g iven  i n  F igure  7. 

F a i r l y  good agreement i s  found f o r  t h e  low molecular  weights ,  and t h e n  
s i g n i f i c a n t  bending of t h e  v i s c o s i t y  curve  obta ined  by GPC wi th  v i s c o s i m e t r i c  
d e t e c t i o n .  

CONCLUSION 

The work r e p o r t e d  i n  t h i s  paper shows t h a t  i t  i s  p o s s i b l e  t o  approach 
exper imenta l ly  t h e  problem of t h e  p l o t t i n g  of  a c a l i b r a t i o n  curve i n  molecular  
weight f o r  GPC on a micro-packing a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  of a s p h a l t s .  
I t  i s  shown t h a t  i f  one de te rmines ,  f o r  d i f f e r e n t  a s p h a l t s ,  a s p e c i f i c  c a l i b r a -  
t i o n  curve  r e l a t i n g  t h e  number average  molecular  weight ,  measured by membrane 
osmometry, of narrow f r a c t i o n s  t o  t h e i r  e l u t i o n  volume, one o b t a i n s  a s i n g l e  
curve independent of t h e  o r i g i n  of t h e  c rude  and of  t h e  manufac tur ing  p r o c e s s .  
This  curve  i s  v e r y  c l o s e  t o  t h e  p o l y s t y r e n e  curve f o r  v a l u e s  between about  1000 
and 3000. It moves away toward t h e  h igher  e l u t i o n  volumes, f o r  smal l  molecular  
weights ,  owing t o  t h e  i n c r e a s e  i n  the  a r o m a t i c i t y  of t h e  a s p h a l t  c o n s t i t u e n t s  a s  
molecular weight d e c r e a s e s .  It a l s o  moves away, and i n  t h e  same d i r e c t i o n ,  a s  
t h e  weight i n c r e a s e s :  i n  t h i s  c a s e ,  molecular weight measurements lead  t o  
apparent v a l u e s  h igher  t h a n  t h e  r e a l  v a l u e s  owing t o  t h e  non-ideal behavior  of 
t h e  s o l u t i o n s .  T h i s  d i f f i c u l t y  may b e  overcome by a c c e p t i n g  the  hypothes is  of 
t h e  a p p l i c a b i l i t y  of u n i v e r s a l  c a l i b r a t i o n  t o  a s p h a l t  f r a c t i o n s  and by u s i n g  a 
v i s c o s i m e t r i c  d e t e c t o r  t o  p l o t  a new c a l i b r a t i o n  curve  w i t h  r e f e r e n c e  to t h e  
c a l i b r a t i o n  curve i n  hydrodynamic volume. The i n t e r p r e t a t i o n  of t h e  r e s u l t s  
makes i t  p o s s i b l e  t o  e s t a b l i s h  a c a l i b r a t i o n  r e l a t i o n s h i p  of t h e  form: 
log  I4 ( a s p h a l t )  = 3.21 - 1.04 X + 0.331 X2, i n  which X = log  M ( p o l y s t y r e n e ) ,  
and t o  e l u c i d a t e ,  f o r  a s p h a l t  f r a c t i o n s ,  t h e  r e l a t i o n s h i p  between i n t r i n s i c  
v i s c o s i t y  and molecular  weight .  
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Figure 5. Calibration curve for asphalts from IulM 
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SEPARATION AND CHARACTERIZATION OF LIGNITE D E R I V C D  
PREASPHALTENES BY GEL PERMEATION CHROMATOGRAPHY AND 

NUCLEAR MAGNETIC RESONANCE SPECTROMETRY 

R ichard  J.  B a l t j s b e r q e r ,  Kundanbhai PI. Pate ] ,  David G. Wet t l au fe r  
John W .  Rovang, N e i l  F .  Woolsey and V i r g i l  I Stenberg 

Chemi s t r y  Department 
U n i v e r s i t y  o f  Nor th  Dakota 

Grand Forks.  ND 58202 

INTRODUCTION 

Methods f o r  t h e  separa t i on  and chemical  c h a r a c t e r i z a t i o n  o f  t he  p re -  
asphal tene components i n  l i g n i t e  l i q u e f a c t i o n  produc ts  has been under- 
s tud ied  by o u r  group f o r  severa l  yea rs .  Preasphal tenes f o r  purposes o f  
t h i s  study a r e  d e f i n e d  as t h a t  p o r t i o n  o f  a l i g n i t e  d e r i v e d  produc t  which 
i s  s o l u b l e  i n  t e t r a h y d r o f u r a n  b u t  i n s o l u b l e  i n  to luene.  
s tud ied  would f a l l  i n t o  t h e  seventh and e i g h t h  f r a c t i o n s  o f  t h e  sequent ia l  
e l u t i o n  by s o l v e n t  chroniatography (SESC) procedure developed by Farcas iu  
(1  ) .  F u r t h e r  e l u t i o n  chromatography o f  t h e  t e t r a h y d r o f u r a n  preasphal tene 
f r a c t i o n  on s i l i c a  o r  a lumnia  d i d  n o t  appear t o  be j u s t i f i e d  i n  view o f  
t h e  h i g h l y  p o l a r  n a t u r e  o f  t h e  f r a c t i o n s .  
was chromatographed f o r  s i z e  separa t i on  us ing  Bio-Beads S - X 3  columns and 
p y r i d i n e  as t h e  e l u e n t  ( 2 ) .  
n i t r o g e n  and oxygen were then  mon i to red  i n  t h e  mo lecu la r  s i z e  f r a c t i o n s  
formed a t  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .  The s tudy  shows the  s t r u c t u r e  
and d i s t r i b u t i o n  o f  oxygen i s  t h e  most impor tan t  parameter. Work o f  o u r  
group has cen te red  on  t h e  development o f  procedures o f  t h e  q u a n t i t a t i o n  
o f  oxygen f u n c t i o n a l i t y  i n  t h i s  m a t e r i a l .  For  t h i s  r e p o r t  we a re  on ly  
a b l e  t o  i d e n t i f y  t h e  amount o f  pheno l i c  hydroxy l  groups p resen t .  Work 
i s  c o n t i n u i n g  on the development o f  a number o f  q u a n t i t a t i v e  e t h e r  
c leavage r e a c t i o n s  ( 3 ) .  

The preasphal tenes 

The preaspha l tene f r a c t i o n  

The d i s t r i b u t i o n  and f u n c t i o n a l i t y  o f  

EXPERIMENTAL 

M a t e r i a l s .  

So lvent  r e f i n e d  l i g n i t e  (SRL) was produced a t  404", 460" and 480"C, 
26.2 MPa (3850 p s i )  f r o m  Beulah 3 N o r t h  Dakota L i g n i t e .  
used was a 1 : l  mol m i x t u r e  o f  carbon monoxide and hydrogen. The SRL was 
produced i n  a 5 - l b  c o a l / h r  cont inuous process u n i t  a t  t h e  Grand Forks 
Energy Technology Center  (GFETC) us ing  anthracene o i l  and 7% w t  t e t r a l i n  
as t h e  donor s o l v e n t  i n  s i n g l e  pass t e s t s  i n  a c o n t i n u o u s - s t i r r e d  tank 
r e a c t o r  ( 4 ) .  The preaspha l tene f r a c t i o n  was recovered f rom t h e  to luene 
i n s o l u b l e  p o r t i o n  o f  an SRL u s i n g  t e t r a h y d r o f u r a n  as t h e  s o l v e n t  i n  a Sox- 
h l e t  e x t r a c t o r .  Te t rahyd ro fu ran  was chosen t o  d e f i n e  t h e  s o l u b i l i t y  o f  
p reaspha l tenes  i n  p l a c e  o f  p y r i d i n e  so t h a t  t h e  r e s u l t s  cou ld  be c o r r e l a t e d  
..l..ll u y c u  v y c u I I I G u  u u r  L~~~ I ~ ( ~ u e i d ~ i i u f ~  r u n 5  a i  6 F E T C  ( 4 ) .  s tandard  
compounds used t o  c a l i b r a t e  t h e  GPC and t o  a c e t y l a t e  t h e  SRL were ob ta ined 
from comniercial sources .  

The reduc ing  gas 

,.,i+h rl-4.- ,.h+-:-,.A -I :-- LL.. 7 :  
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Prepara t ive  ScaleLPL. 

Prepara t ive  sca l e  G P C  separa t ions  were car r ied  o u t  with a 22 inn i . d .  
X 1 m g l a s s  column packed with Bio-Rad, S X - 3 ,  Bio-Beads (200-400 mesh, 3% 
cross  1 inked, styrene-divinyl benzene). The preasphal tene was ace ty l a t ed  
by reaction with a c e t i c  anhydride in pyridine f o r  24 hr a t  25°C. We 
f o u n d  the  t o t a l  preasphaltene sample t o  be so luble  in  chloroform. Upon 
attempting t o  use t h i s  solvent with l g  of sample we found t h a t  some 
p rec ip i t a t ion  occured on t h e  G P C  column during separa t ion .  The e lu t ion  
so lvent  was changed t o  pyridine.  About one gram of sample dissolved i n  
5 ml of so lvent  was charged t o  t h e  column. A flow r a t e  of 1 .5  ml/min was 
maintained by a constant head devise .  Fractions were co l lec ted  every 5 ml 
which were then s t r ipped  of so lvent  i n  a r o t a r y  evaporator,  added t o  3-5 in1 
of benzene and f r e e  dried t o  remove the  l a s t  t r aces  of  pyridine.  The l a s t  
t r aces  of benzene were removed by drying in  a n  abderhalden apparatus a t  
80°C under vacuum. 

Analyses. 

Elemental analyses were performed by S p a n g  Microanalytical Laboratory, 
Molecular weights were determined a t  our labora tory  with Eagle Harbor, MI .  

a Wescan Vapor Pressure Osmometer. Molecular weights were measured over a 
range of 0.1 t o  4 g / k g  using the solvent pyridine.  Several f r ac t ions  were 
run a t  t h ree  d i f f e r e n t  concentrations fo r  ex t rapola t ion  t o  i n f i n i t e  d i l u t i o n .  
No evidence f o r  intermolecular assoc ia t ion  i n  pyridine was noted so s ing le  
point analyses were measured because of the  l a rge  number of f r ac t ions  to  be 
analyzed. 

Samples were dissolved in  d -pyridine containing a known amount o f  s - t r ioxane  
a s  an in t e rna l  standard.  Csrrection f o r  residual pyr id ine  protons was based 
on the standard versus residual pyridine in tegra t ion .  Generally, seven in t e -  
gra t ions  were r u n  and averaged. The data was analyzed using modified Brown- 
Ladner equations ( 5 ) .  

hydride in  pyridine under argon. 
weighed in  coinbustocones (Packard Instrument CO, Downers Grove, I L L . )  and 
then oxidized in  a Packard Model 306 automatic sample oxid izer  f o r  sub- 
sequent l i q u i d  s c i n t i l l a t i o n  measurement. The counting was ca r r i ed  out  i n  
a Packard model 3375 l i qu id  s c i n t i l l a t i o n  spectronieter. When SRL was 
allowed t o  r eac t  a t  room temperature f o r  24 hr only the  hydroxyl and amine 
s i t e s  a r e  de r iva t i zed .  I f  the ace ty l a t ion  i s  car r ied  out a re f lux  temper- 
a t u r e  (115°C) some aroiriatic carbon ace ty l a t ion  r e s u l t s  ( 6 ) .  

P r o t o n  N M R  spec t ra  were obtained o n  a Varian EM-390 Spectrometer. 

14 All samples of preasphaltenes were ace ty la ted  with 1 -  C a ce t i c  an- 
The samples of ace ty la ted  SRL were 

RESULTS AND DISCUSSION 

Molecular _Weight Oi s t r ibu t io r l  

Seven t o  e igh t  fractioris each of  f i v e  in1 were co l lec ted  f o r  each GPC 
run. The f r ac t ion  of t o t a l  weight recovered from the or ig ina l  weight of 
material  i s  reported i n  Table 1 .  Two solvent refined coal preasphaltene 
samples a r e  added t o  the  t ab le  from comparison with the  1 i g n i t e  derived 
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m a t e r i a l .  
mo lecu la r  we igh ts  w i t h  i nc reased  r e a c t i o n  tempera ture  f o r  t he  l i g n i t e  
p reaspha l tenes .  The coa l  d e r i v e d  preasphal tenes have much h i g h e r  mole- 
c u l a r  we igh ts .  
t h e  400°, 460°, and 480°C l i g n i t e  de r i ved  produc ts .  
i nc rease  f o r  t h e  480°C m a t e r i a l  i s  an i n d i c a t i o n  t h e  ex ten t  o f  recombin- 
a t i o n  t h a t  occurs  a t  t h e  h i g h  temperature.  The f a c t  t h a t  t h e  4OOOC m a t e r i a l  
has s i m i l a r  Mn va lues  as t h e  460°C may occu r  because h ighe r  mo lecu la r  we igh t  
p o r t i o n s  may l i e  i n  t h e  t e t r a h y d r o f u r a n  i n s o l u b l e  p o r t i o n  which i s  35% w t  
o f  t h e  o r i g i n a l  l i g n i t e  a t  400°C as compared t o  15% w t  a t  460°C. 

The average i i io lecu la r  we igh t  d i s t r i b u t i o n  goes t o  h ighe r  

The l i g n i t e  preasphal tenes were 38, 25 and 21% w t ,  maf o f  
The mo lecu la r  we igh t  

N i t rogen  and S u l f u r  D i s t r i b u t i o n  

Table 1 shows t h a t  t h e  d i s t r i b u t i o n  o f  n i t r o g e n  and s u l f u r  i s  spread 
even ly  th roughout  t h e  f r a c t i o n s .  The d i s t r i b u t i o n  o f  n i t r o g e n  and s u l -  

Both o f  t he  above f a c t s  would be c o n s i s t e n t  w i t h  
f u r  i s  o n l y  s l i g h t l y  reduced w i t h  inc reased temperature f o r  t h e  l i g n i t e  
p reaspha l tene samples. 
t h e  n i t r o g e n  and s u l f u r  be ing  p resen t  i n  r i n g  systems such as carbazoles,  
p y r i d i n e s ,  and th iophenes.  Nonaqueous t i t r a t i o n  da ta  shows t h a t  app rox i -  
m a t e l y  50% o f  t h e  n i t r o g e n  i s  p resen t  as bas i c  n i t r o g e n  ( 7 ) .  

Oxygen D i s t r i b u t i o n  

The hyd roxy l  c o n t e n t s  were determined by carbon-14 coun t ing  o f  t h e  
l a b e l e d  a c e t a t e  added by t h e  a c e t y l a t i o n  process. 
t h a t  t h e r e  a re  few a l c o h o l i c  hydroxy l  o r  amine s i t e s  p resent  i n  these 
t y p e  o f  samples ( 6 ) .  
a c e t y l a t i o n  c o n d i t i o n s  used ( 6 ) .  
i s  due t o  p h e n o l i c  hyd roxy l  s i t e s  and f o r  purposes o f  t h i s  s tudy  was 
assumed 100%. The t o t a l  oxygen con ten t  o f  each f r a c t i o n  was determined by 
d i f f e r e n c e  w i t h  t h e  carbon, hydrogen, n i t r o g e n  and s u l f u r  analyses. I n  t h e  
p a s t  we have checked t h e  v a l i d i t y  of  t h i s  assumption by comparison o f  neu- 
t r o n  a c t i v a t i o n  a n a l y s i s  da ta  w i t h  t h i s  procedure and found the  agreement 
was w i t h i n  i 5% r e l a t i v e  e r r o r  ( 7 ) .  

E a r l i e r  work has shown 

Carbazole a c i d i c  hydrogen does n o t  r e a c t  under t h e  
Grea te r  than 95% o f  the  added ace ta te  

Table 2 and 3 show t h e  d i s t r i b u t i o n  o f  t o t a l  oxygen, pheno l i c  oxygen 
and o t h e r  oxygen r e p o r t e d  i n  m i l l i m o l e s  per gram o r  pe r  mole o f  sample. 
I n s i g h t  i s  ga ined about  t h e  s t r u c t u r e  by  comparison o f  t h e  concen t ra t i on  o f  
oxygen i n  seve ra l  ways. The t o t a l  oxygen c o n t e n t  expressed i n  m i l l i m o l e s  
p e r  gram i s  n e a r l y  cons tan t  w i t h  mo lecu la r  we igh t  f o r  a g i ven  l i q u e f a c t i o n  
tempera ture .  There i s  a smal l  i nc rease  i n  t o t a l  oxygen m i l l i m o l e s  per 
gram w i t h  dec reas ing  mo lecu la r  we iqh t  b u t  t h i s  exp la ined  by t h e  an i nc rease  
i n  pheno l i c  oxygen p e r  gram as t h e  mo lecu la r  we igh t  decreases. 
moles o f  phenol p e r  mole o f  l i g n i t e  p reaspha l tene i s  near 1 pheno l i c  s i t e  
p e r  average molecu le .  
a t  cons tan t  tempera ture  c o u l d  be due t o  a r e p e a t i n g  s t r u c t u r e  o f  a romat ic  
c e n t e r s  connected by  e t h e r  o r  f u r a n  l i n k a g e s  as shown i n  t h e  h y p o t h e t i c a l  
models i n  f i g u r e s  1-2 .  For t h e  l i q n i t e  preasphal tenes one f i n d s  the re  a r e  
8 -9 ,  20-23 and 16-23 aromat ic  carbon molecules Der o t h e r  oxvaen mole, f o r  
404, 460, and 480°C r e s p e c t i v e l y ,  as shown i n  t a b l e  2. Th is  i s  r e f l e c t e d  
i n  t h e  s t r u c t u r e s  drawn on f i g u r e  1 where benzene r i n g s  predominent f o r  
t h e  404°C m a t e r i a l .  As t h e  r e a c t i o n  temperature i s  r a i s e d  t h e  aromat ic  
c e n t e r s  beg in  t o  show more and more condensat ion  as i n  f i g u r e  2. 

The m i l l i -  

The cons tan t  c o n c e n t r a t i o n  o f  o t h e r  oxygen per gram 

' I  
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Carbon St ruc ture  

I 

Table 4 shows the values of f , the  f r ac t ion  of aromatic carbons,  and 
D, the  degree of condensation, ca l tu l a t ed  from modified Brown-Ladner 
equations : 

( 1 )  
C / H -  ( H n * / 2  + Ho*/2 + OH/2H) 

f a  = ( C / H  - 2 0 H / H )  

The term was OH/H i s  included i n  equation 1 t o  remove the  carbonyl carbon 
present because of the ace ty l a t ion .  

+ H;/2 + n [ O H / H ]  + OH/H ( 2 )  D =  

fa(C/H - 20H/H)  

Equation 2 assumes t h a t  a l l  the o the r  oxygen i s  present in the  polymeric 
molecules as  connecting furan l inkages (n=4) o r  e the r  l inkages (n=2) .  
This has not been proven in  t h i s  study. The development of a furan o r  
e t h e r  ana lys i s  technique i s  a major ob jec t ive  in our s tud ie s  and we add 
t h e  e the r  l inkages only t o  show the  importance of oxygen t o  the  preasph- 
a l t e n e  s t ruc tu re .  Figures 1 - 2  show the furan a n d  e the r  l inkages w i t h  the  
corresponding values of f and D a s  counted from the  hypothetical average 
molecule a n d  from equatiofls 1 and 2 using the N M R  data .  The ca lcu la ted  
values a re  i n  good agreement with t h e  model. The t rue  value of D depends 
upon the  co r rec t  assignment of n through a quan t i t a t ive  e the r  ana lys i s .  

Conipari son t o  Asphal t e s  

Table 5 shows the  oxygen d i s t r i b u t i o n  fo r  a s e r i e s  of asphaltene 
samples. 
tenes i s  o ther  oxygen concent ra t ion .  The phenol concentrations,  molec- 
u l a r  weights, a n d  f a  a r e  approximately equal.  

The main d i f f e rence  between the  preasphal tenes a n d  the asphal- 

Conclusions 

Gel permeation chromatography o f f e r s  the opportunity t o  observe 
sub t l e  changes i n  preasphaltene s t r u c t u r e  t h a t  would be ra ther  d i f f i c u l t  
t o  observe by another procedure. T h e  postulated aromatic core plus e the r  
l i n k s  polymer s t r u c t u r e  requi res  prec ise  information about the concen- 
t r a t i o n  of phenolic s i t e s  a s  they change with molecular weight. The type 
of preasphaltene s t r u c t u r e  suggested by t h i s  study would explain why pre- 
asphaltenes a r e  inso luble  in  benzene even t h r o u v h  t h e i r  a c i d i t i e s ,  basc- 
i t i e s  a n d  f r ac t ion  o f  aromatic carbons may be equal t o  those o f  asphal- 
tenes .  Their i n s o l u b i l i t i e s  r e s u l t s  from e the r  and  furan l inkages lock- 
ing the  aromatic systems i n t o  very r ig id  condensed molecules. 
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Table 1 .  Dis t r ibut ion o f  Nitrogen and Sulfur  

Sample 

Y-15-2 1.48 
(4OOOC) 1.30 

0.89 
0.85 
0.86 
0.89 

26-Y-7 1.90 
(460°C) 1.63 

1.37 
1.24 
1.14 
1.05 

26-Y-11 1.43 
(480°C) 1 .26  

1.27 
1.22 

Beulah 3 Ligni te  .80 

2.63 Tacoma 
2.32 
2.07 
1 .95  
2.15 
1.96 

b 

Indi anaC 2.22 
1.97 
2 . 1 1  
1 .85  
1.76 
1 .88 

Preasphaltene Samples 

“/O.,cLS MI1. 

0.52 582 
0.57 573 
0.48 373 
0.47 21 8 
0.45 21 9 
0.52 224 

0.51 568 
0.75 626 
0.54 429 
0.67 302 
0.49 240 
0.59 240 

0.46 1165 
0.47 831 
0.46 607 
0.64 463 

3.03 

- _ -  2400 
- _ _  1600 
- - -  1450 
- _ _  800 

800 
_--  655 

- - -  2300 
-_ -  1600 
- - -  1300 
--- 830 

81 0 
560 

_ _ _  

_ _ _  

_ _ _  
_ _ _  

a w t %  of recovered s t a r t i n g  material  

prepared a t  450”C, lOMPa H 2 ,  recycle  solvent  

prepared a t  441°C, 12MPa H2, recycle  solvent  

Wt, %a 

0.15 
0.26 
0.17 
0.07 
0.07 
0.07 

0.09 
0.23 
0.20 
0.14 
0.08 
0.07 

0.22 
0.31 
0.22 
0.09 

0.08 
0.24 
0.22 
0.17 
0.12 
0.08 

0.10 
0.22 
0.21 
0.17 
0.12 
0.07 
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OH 

'35. 21J25. 8("")I03. Z N O .  6'0.1 

f a  = 0.77 : 0.74(NMR) 

D = 0 . 9 3  ; 1. OZ(NMR, n = 4 )  , 0. 94(NMR, n = 2 )  
c1 = 2 . 0  ; 2 . 0  

Figure 1. Fraction one ,  404OC 

%8"17. X(ol- l )O.  7"1. 7N0.  4'0. 07 
fa = 0 . 8 6  ; 0.84(NMR) 

11 = 0.05 ; O.X6(NMR,n=4), 0 .73(NMR,n=2)  

c1 = 2 . 0  ; 1.8 

Figure  2.  V r a c t i o n  t h r e e ,  4GOoC 



THE USE OF MACRORETICULAR RESIN FOR SEPARATION 
OF COAL CONVERSION PROCESS WASTEWATER 

James I .  S. Tang, F.  K .  Kawahara* and T .  F. Yen 

School of Engineering 
University of Southern California 

Los Angeles, CA 90007 
and 

Environmental Protection Agency 
Environmental Support Laboratory 

Cincinnati, Ohio 45268* 

INTRODUCTION 

A three-dimensional co-polymer r e s in  possessing macroreticular o r  
macroporous s t ruc tu re  i s  considered to  be the most e f f ec t ive  means of 
preliminary separation of organics in aqueous sample. 
resins will function as  the sorbing agent f o r  organics. The fu l l  l i ne  of 
macroreticular adsorbent resins includes a spectrum o f  surfaces from the  
l ea s t  polar t o  the  most polar f o r  adsorbing compounds with d i f fe ren t  polar- 
i t i e s .  

These porous polymeric 

Gasification and l iquefaction of coal will generate a t  l e a s t  hundreds 
of organic species which will  contaminate the water associated with the  con- 
version processes, and thereaf te r  pose a possible th rea t  t o  the environment. 
A majority of coal plant waste streams released to the environment a re  pro- 
cess wastewaters from coal conversion process s teps  (Oak Ridge National 
Laboratory, 1977) .  This includes wastewater or ig ina t ing  a s  moisture in  the 
coal,  water of cons t i tu t ion  or decomposition, water added f o r  stoichiometric 
process requirements, and water introduced fo r  by-product recovery gas scrub- 
bing. 
organics and i s  produced in both the coal gas i f ica t ion  and l iquefaction pro- 
cesses. 

This type of wastewater contains most of the soluble and suspended 

This wastewater i s  formed under  t he  following conditions: 

1. 

2. 

3 .  

4. 

When gases a re  scrubbed t o  remove soluble contaminants, quenched to  

When steam i s  used in the un i t  process cools a n d  condenses o r  i s  

When the  product o i l  i s  formed by hydrogenation o r  pyrolysis and 

When s l ags  and a s h  a r e  water-quenched f o r  s lu r ry  removal. 

control operating temperature, compressed, o r  dehydrated; 

reformed during methanation or hydrotreating; 

i s  allowed to  s e t t l e  f o r  product recovery; o r  
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The chemical species in waste e f f luen t s  are considered varied and 
numerous because they represent prac t ica l ly  a l l  the  organic compounds found 
in coal. The structure of coa l ,  can be visualized as  consisting of islands 
of aromatic and heterocyclic c lus t e r s  connected by weak linkages, such a s  
hydrogen bonding, qua tern iza t ion ,  o r  donor-acceptor complexation. The coal 
conversion processes involve a variety of reactions with pressure, heat, 
ca ta lys t s ,  a n d / o r  water. These reactions produce many c lasses  of organic 
species, such as  polynuclear aromatic hydrocarbons ( P A H ) ,  phenolics, n i t ro-  
genous compounds, o ther  oxygen-functional compounds, and organometallics. 
Most of these species f a l l  under the c l a s s i f i ca t ion  of po ten t ia l ly  hazard- 
ous materials. 

We a re  developing methods t o  separate the organics in coal-derived 
wastewater into a few major c lasses .  One of the approaches iz the pre- 
separation of hydrophobic and  hydrophilic nature by macroreticular resin 
such as XAD-8 (1).  The subsequent use of ion-exchange res in  can  again 
subclassify the hydrophobic or hydrophilic f rac t ions  in to  ac id ic ,  neutral 
or basic (Fig.  1).  

EXPERIMENTAL 

The following two wastewater samples, representative of coal gasi-  

1. Scrubber water from a coal hydrocarbonization process, derived 

f ica t ion  a n d  l iquefaction processes, were obtained: 

from a gas i f ica t ion  plant f lu id ized  bed operation a t  300 psi a n d  1035OF. 
Oak Ridge Division o f  Union Carbide Corporation. 

2.  Recycle process water No. 1511, from a coal l iquefaction p lan t .  
PAMCO a t  DuPont,  Washington. 

The f i r s t  c l a s s i f i c a t i o n  s tep  was the  separation of the organic in to  
hydrophobic ( H O )  and hydrophilic (HI) compounds on Amber1 i t e  XAD-8  macroreticular 
r e s in .  Further c l a s s i f i ca t ion  was based upon acid-base cha rac t e r i s t i c s  (Fig. 2 )  

NH40H) and acid ( 0 . 1  N HCl), respectively.  
with methanol. HydroFhilic acids and bases were adsorbed on cation a n d  anion 
exchange res ins .  
exchange res in  and e lu ted  in  0 .5  N NH40H. Hydrophilic acids were concentrated 
on OH--form AG MP-1 anion exchange res in  and eluted w i t h  0.5 
ph i l i c  neutrals passed through a l l  columns and were co l lec ted .  

mesh) which was pur i f ied  by f i r s t  r ins ing  with 0.1 N 
C I I C I I  LJ 5 G A i i ; K i  exr racnng  to r  24  hours successively in ace ton i t r i l e ,  ethyl 
e the r ,  and methanol. The res in  was then packed in a column and rinsed with 
d i s t i l l e d  water f o r  t e s t ing  of organic compounds background. 

1 

Hydrophobic ac ids  and bases were desorbed by aqueous a lka l i  (0.5 E 
Hydrophobic neutral were eluted 

T h e  bases were concentrated on H+ -form AG MP-50 cation 

HC1. Hydro- 

The XAD-8 r e s i n  was supplied as an indus t r ia l  grade product (20-40 
NaOH,  0 .1  N H C 1 .  a n d  

AL,... 

The AG MP-50 and AG MP-1 res ins  were washed successively by 1 g H C 1 ,  
NaOH, and then Soxhlet extracted f o r  24 hours in  methanol, methylene 
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chloride,  and n-pentane successively f o r  column packing. 
of model compounds were made and tes ted  f o r  the extent of the separation. 

One l i t e r  of water sample No. 1 was diluted t o  3 : l  volume with d i s -  
t i l l e d  water and passed through a 300 m l  bed (3  bed volume) XAD-8 resin 
column. The flow ra t e  of the sample was 10 ml/min. The column was then 
eluted with 500 ml 0.1 N HC1, 0.5 N NH40H, and CH30H t o  co l lec t  HO base, 
ac id ,  and neutral compounds, respectively.  The aqueous e f f luents  were 
passed through a column of Ht form ca t ion  exchange resin (BioRad AG M P - 1 )  
t o  separate HI components. 
ml 0.5 NH40H. HI neutrals 
remained in the aqueous e f f luent .  
arated via the same procedures. 
water by the r a t i o  of 1:l. This i s  because the to ta l  organic carbon 
concentration of water sample No. 2 i s  about one half of No. 1. The 
purpose of dilution i s  to  reduce so lu te -so lu te  in te rac t ions  a t  high 
so lu te  concentrations. 

Test samples 

HI bases were collected by e lu t ing  with 500 
Acids were recovered by e lu t ing  with 2.0 H C 1 .  

The water sample No. 2 was a l so  sep- 
However, i t  was d i lu ted  with d i s t i l l e d  

RESULTS 

There a re  s ix  separated f rac t ions  f o r  each sample from the column 
absorption separation process. The organic components in these f rac t ions  
a re  c lass i f ied  as HI ac id ,  base, neutral and HO ac id ,  base, and neutral 
compounds. 

by using a Dohrmann Envirotech DC-50 Model TOC analyzer. Preliminary data 
of TOC d i s t r ibu t ion  among these f r ac t ions  a r e  shown in Table 1. 

jected t o  GC-MS analysis.  
the HO neutral f rac t ion  which was eluted with CH30H through the column. 
Benzene was used to  recover the pure organic component in HO neutral f rac t ion .  
Samples of HO neutral f rac t ion  t h e n  were d i lu ted  to  1 ml in benzene f o r  GC-MS 
analysis.  
After phase separation occured, a 2.0 ~1 a l iquot  of the CH2C12 was analyzed 
by GC-MS.' Compounds ident i f ied  on one o f  the  f rac t ions  i s  i l l u s t r a t ed  in Table 2. 

Total organic carbon ( T O C )  concentration of these f rac t ions  was detected 

The separate organic f rac t ions  from coal process wastewater were s u b -  
All the f r ac t ions  a re  in aqueous solution except 

All the other f rac t ions  were extracted by dicholoromethane (CH2C12). 

From the data obtained b o t h  qua l i t a t ive ly  a n d  quant i ta t ive ly  the  

a .  hydrophobic acid f r ac t ion  -- phenolic compounds, e.g.  phenol, 
c reso l ,  xylenol. 

b.  hydrophobic neutral f rac t ion  -- polynuclear aromatic hydrocarbons, 
e.g. naphthalene, anthracene, pyrne, benzo(a)anthracene, chrysene, 
fluoranthene, biphenyl. 
hydrophobic base f rac t ion  -- aza-aromatics a n d  nitroqen base com- 
pounds, e .g .  diphenylhydrazine, indole,  nitrobenzene, pyridine,  
quinoline, benzamine. 
hydrophilic acid f rac t ion  - -  phenolic compounds, aromatic ac ids ,  
and vo la t i l e  ac ids ,  e.g. ,  phenol, c r e so l ,  xylenol, carboxylic ac id ,  

following summary can be made ( 2 ) .  

c .  

d. 
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benzoic ac ids ,  f a t t y  acids.  
e .  hydrophilic neutral fraction -- cycl ic  polar compounds, e .g . ,  

ethylphthalate,  benzylphthalate, cyclopentenone. 
f .  hydrophilic base f rac t ion  -- methoxybenzene ( 2 ) .  

DISCUSSION 

The pre-separation of organics in  coal wastewater via these resins 

1. 

i s  due to  the  following reasons: 

I t  h a s  a homogeneous surface,  permitting the operation of only 
one adsorption mechanism a t  a time. Hence so lu tes  can be quantitatively 
adsorbed or desorbed. 

The la rge  surface area produces high exchange capacity as well 
as good chemical and s t ruc tura l  s t a b i l i t y .  

the nature of the organic solutes o r  evaporate the  vo la t i l e  compounds 
which have r e l a t ive ly  low boiling points.  

The  polymer res in  used in t h i s  study i s  ab le  to  f rac t iona te  organic 
solute mixtures i n t o  more homogeneous f r ac t ions  based on sorption mechanisms 
without serious a l t e r a t ion  of the so lu tes  o r  so lu t e  matrix. 
theory tha t  hydrophobic ( H O )  o r  nonpolar molecules a re  a t t rac ted  t o  hydro- 
phobic sur faces ,  and hydrophilic (HI) o r  polar inolecules t o  hydrophilic or 
polar sur faces ,  i s  adopted in t h i s  scheme. T h u s  adsorbents of intermediate 
polarity such as Amberlite XAO-7 and XAD-8 have an a t t r ac t ion  fo r  molecules 
o f  completely hydrophobic nature,  o r  e s sen t i a l ly  hydrophobic compounds with 
some polar func t iona l i ty .  
func t iona l i t i es ,  ion exchange resins were used. 

n i f ican t  information i s  t h a t  the compounds found i n  the s ix  f rac t ions  are 
largely d i f f e ren t .  
the chemical nature of coal-derived wastewater e f f luen t s  i s  available.  

the resin surface s i t e s  and cannot recover completely with most powerful 
eluents such a s  ac ids  and bases. 
contained in the wastewater will  a l t e r  the  sorbing nature of the macroretic- 
u l a r  resin. 

2. 

3. No high energy process (such as heat)  i s  used which might a l t e r  

The general 

To adsorb hydrophilic compounds of polar of neutral 

The TOC data indicate the recovery e f f ic iency  i s  ca.  70-80%. The s ig-  

This demonstrates t h a t  a sample method fo r  characterizing 

A drawback of the present method i s  t h a t  species do absorb strongly a t  

Another inconvenience i s  t h a t  the  inorqanics 
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TASLE 1 ?Ei(CEVTAGE OF TOTAL ORMNIC CARBON 
OlSTRl8UTlON 18 SEPRRAiEO FRACTIONS 

- ~~ 

., a f  o r i q ~ n  ) " -pu t  i0C' 

ii0.z 
Separa ted  
F r x t i m  Y0.i 

H I  a c i d  2.7 3.4 

2: base 2.4 6.8 

PI n e u t r a l  10.7 15 .2  

M a c i d  9.4 14.5 

t a r e  7 . 1  12 .6  

i o  n e u t r a l  .la*+ LO.. 

* x e  o r i g i n a l  i n - g u t  T3C fa r  Xo.1 and ?lo.Z a r e  2083 ppm. 

1755 ppm, r e s w c t i v e l y .  

'*'ldlues a p p r o x i n r t e d  f r m  GC nedks O f  S o l v e n t  

TABLE 2 COMPOUNOS IDENTIFIEO FQOM HYDROPHO8IC 
FRACTION IN NO. 1 UATER SAMPLE 

GC SCAX MOLECULAR 
NO. BASE MIE WEIGHT COMPOUND 

91 92 Methy l  benzene 

131 33 88 E t h y l  a c e t a t e  

193 108 108 Methoxybenzeoe 

244 94 94 Phenol 

264 107 108 2-:.!ethyl phenol 

286 107 108 3-Methylphenol 

303 107 122 3.5-Dimethylphenol 

315 107 122 2,5-0imethylphenol 

324 107 122 3.4-Dimethylphenol 

331 121 136 4- ( 1-Pethy 1 e t h y l  )-phenol 

335 121 136 2-Ethy l -5 -methy lpheno l  

343 121 136 2-Ethy l  -4-methylphenol 

152 121 136 4-Ethy l -2 -methy lpheno l  

382 133 134 3,4-Dimthulbenraldeh~d~ 

394 133 148 Pentsmethvl bm7ene 

451 144 144 

506 170 170 ( l - l - B i p h e n y i  ! - Lo1  

77 

3-Phenyl furan 

~ _ _ _  
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Separa t ion  and C h a r a c t e r i z a t i o n  of P o l y c y c l i c  Aromatic Hydrocarbons 
and Alkylphenols i n  Coal Derived Solvents  

R .  J .  Hur tubise ,  T. W. Al len ,  and A.  Hussain 

Chemistry Department 

H .  F. S i l v e r  

Chemical Engineering Department, Univers i ty  of  Wyoming 

Lararnie, Wyoming 82071 

I n t r o d u c t i o n  

P o l y c y c l i c  aromatic hydrocarbons (PAH) and a l k y l p h e n o l s  i n  c o a l  
der ived  s o l v e n t s  a r e  important i n  t h e  convers ion  of c o a l  to  s o l v e n t  
r e f i n e d  c o a l  (1). A knowledge of t h e  composition of c o a l  d e r i v e d  s o l v e n t s  
used i n  c o a l  l i q u e f a c t i o n  w i l l  a l low t h e  ad jus tment  of  p r o c e s s i n g  condi- 
t i o n s  t o  improve t h e  s o l v e n t  e f f e c t i v e n e s s  i n  l i q u e f y i n g  c o a l  and t h u s  
improve t h e  o v e r a l l  y i e l d  of c o a l  der ived  l i q u i d s .  S e l e c t i v e  and e f f i -  
c i e n t  methods a r e  repor ted  f o r  t h e  s e p a r a t i o n  and c h a r a c t e r i z a t i o n  of  PAH 
and a l k y l p h e n o l s  i n  c o a l  der ived  s o l v e n t s .  

Experimental  

The c o a l  der ived  s o l v e n t s  were obta ined  from W i l s o n v i l l e ,  Alabama and 
Tacoma, Washington. The W i l s o n v i l l e  sample was a Wyodak c o a l  d e r i v e d  
r e c y c l e  s o l v e n t  from which a l i g h t  d i s t i l l a t e  (533K-) and a heavy d i s t i l l a t e  
(533K+) were o b t a i n e d .  The Tacoma sample w a s  a Kentucky r e c y c l e  s o l v e n t .  

The l i q u i d  chromatograph used w a s  a Waters model ALC/GPC 244 equipped 
with a model 6000-A pump, a U 6 K  i n j e c t o r ,  a f r e e  s t a n d i n g  u l t r a v i o l e t  d e t e c -  
t o r  s e t  a t  254 nm, and a 10-mV s t r i p  c h a r t  r e c o r d e r .  For normal-phase work, 
a u-Bondapak NH2 column and n-heptane:2-prouanol mobile phases  were used. 
For reversed-phase work a u-Bondapak C 1 8  column was used w i t h  methanol: 
water mobile phases .  

A l l  c o r r e c t e d  f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  w e r e  o b t a i n e d  w i t h  a 
Farrand MK-2 s p e c t r o f l u o r o m e t e r ,  a Farrand e x c i t a t i o n  c o r r e c t i o n  module, and 
a Farrand Autoprocessor I .  

Resul t s  and Discuss ion  

Polycycl ic  Aromatic Hydrocarbons 

Dry-column chromatography w i t h  an aluminum oxide  ( a c t i v i t y  11-111) 
s t a t i o n a r y  phase and a n-hexane-ether (19: l )  mobile phase w a s  used t o  s e p a r -  
a t e  PAH by r i n g  s i z e  ( 3 - ,  4 - ,  5 - ,  and & r i n g ) .  P r i o r  t o  t h e  dry-column 
chromatography s t e p ,  t h e  c o a l  der ived  s o l v e n t s  were added t o  an  a c i d  
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t r e a t e d  s i l i c a  g e l  column and e l u t e d  w i t h  chloroform.  
py r id ine - type  n i t r o g e n  h e t e r o c y c l e s  ( 2 ) .  Snyder (3) h a s  shown t h a t  PAH 
can be s e p a r a t e d  a c c o r d i n g  t o  r i n g  s i z e  by u s i n g  an aluminum oxide s t a -  
t i o n a r y  phase and a r e l a t i v e l y  weak mobile phase.  These concepts  were 
app l i ed  i n  deve lop ing  t h e  dry-column chromatographic  method f o r  PAH i n  
coal  de r ived  s o l v e n t s .  A f t e r  s e p a r a t i o n  of t h e  i n d i v i d u a l  r i n g  f r a c t i o n s ,  
t h e  f r a c t i o n s  were f u r t h e r  s e p a r a t e d  by e i t h e r  t h i n  l a y e r  chromatography 
(TLC) o r  h i g h  performance l i q u i d  chromatography (HPLC). 

This  s t e p  removed 

I f  TLC w a s  u s e d ,  then a f t e r  s e p a r a t i o n  f l u o r e s c e n c e  p r o f i l e s  of each 
PAH r i n g  f r a c t i o n  d i s t r i b u t e d  on 30%-acetylated c e l l u l o s e  chromatoplates  
were ob ta ined  w i t h  a spec t rodens i tome te r .  The f luo rescence  p r o f i l e s  were 
e s s e n t i a l l y  a p l o t  of f l u o r e s c e n c e  i n t e n s i t y  f o r  a given PAH r i n g  f r a c t i o n  
ve r sus  d i s t a n c e  on t h e  ch romatop la t e .  The p r o f i l e s  were s imple i n  t h a t  
only one o r  two f l u o r e s c e n c e  peaks were o b t a i n e d .  Measurement of f l u o r e s -  
cence peak h e i g h t s  gave an approximate measure of t h e  amount of t h e  3-, 4-, 
5 - ,  and 6- r i n g  PAH. 

For HPLC s e p a r a t i o n ,  t h e  3- and 4- r i n g  PAH f r a c t i o n s  ob ta ined  from 
t h e  dry-column chromatography step were s e p a r a t e d  w i t h  a v-Bondapak c18 
column. F i g u r e  1 shows a t y p i c a l  HPLC chromatogram of a 3-r ing PAH f rac-  
t i o n  from a Wyodak c o a l  de r ived  so lven t  u s ing  a u-Bondapak C18 column and 
methano1:water ( 6 5 : 3 5 )  mobile  phase. I d e n t i c a l  s e p a r a t i o n  s t e p s  were 
c a r r i e d  out  w i t h  t h e  Kentucky c o a l  de r ived  s o l v e n t  and d i f f e r e n c e s  wi th  
t h e  Wyodak c o a l  d e r i v e d  s o l v e n t  were compared. 
c h a r a c t e r i z e d  by chromatographic  c o r r e l a t i o n  f a c t o r s  and co r rec t ed  f luo r -  
escence e x c i t a t i o n  s p e c t r a .  The chromatographic c o r r e l a t i o n  f a c t o r s  were 
desc r ibed  e a r l i e r  ( 4 ) .  Cor rec t ed  f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  were 
ob ta ined  because they  a r e  i d e n t i c a l  t o  a b s o r p t i o n  s p e c t r a  and al low f o r  
ready comparison w i t h  l i t e r a t u r e  s p e c t r a .  In a d d i t i o n ,  t h e  c o r r e c t e d  
f luo rescence  e x c i t a t i o n  s p e c t r a  of subs t ances  can b e  ob ta ined  a t  ve ry  low 
c o n c e n t r a t i o n s .  T h i s  i s  important  when sma l l  amounts of m a t e r i a l  a r e  
obtained i n  t h e  s e v e r a l  f r a c t i o n s  c o l l e c t e d  i n  a s e p a r a t i o n  scheme. F igu re  
2 shows f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  f o r  s t anda rd  f l u o r a n t h e n e  and 
f luo ran thene  i s o l a t e d  from a Wyodak coa l  de r ived  s o l v e n t  u s ing  t h e  dry- 
column chromatography and HPLC s t e p s .  Seve ra l  3- and 4- r i n g  PAH i n  coa l  
der ived s o l v e n t s  w e r e  s e p a r a t e d  and c h a r a c t e r i z e d  by t h e  approaches desc r ibed  
above. 

The HPLC sepa ra t ed  PAH were 

S i m i l a r  app roaches  w i l l  be  used f o r  t h e  5- and 6- r i n g  PAH. 

Alkylphenols  

HPLC methods developed p rev ious ly  f o r  o r t h o  and nonortho a lky lpheno l s  
i n  coal  de r ived  s o l v e n t s  were improved ( 5 , 6 ) .  A t h e o r e t i c a l  equa t ion  devel-  
oped by Scot t  and Kucera ( 7 )  was app l i ed  f o r  t h e  p r e d i c t i o n  of r e t e n t i o n  
volumes of a l k y l p h e n o l s  and mobile phase composi t ions which improved t h e  
r e s o l u t i o n  of a l k y l p h e n o l s  i n  normal phase HPLC systems.  
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Figure  1. HPLC Chromatogram of  3-Ring PAH F r a c t i o n  from 533KiWyodak 
S o l v e n t  from W i l l s o n v i l l e  
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F i g u r e  2. C o r r e c t e d  F luorescence  E x c i t a t i o n  S p e c t r a  of a S tandard  Fluor-  
a n t h e n e  Sample (a )  and Suspect Component (b)  from HPLC 
S e p a r a t i o n  of 533K+ Wyodak Solvent  
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A Comparative Study of  HPLC Column Packings f o r  t h e  Separation 
of  Aromatic and Polar Compounds i n  Foss i l  Fuel Liquids 
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3-17-35, Niizo-Minami, Toda, Saitama 335, Japan 

INTRODUCTION 

The upgrading of petroleum r e s i d u a l s ,  tar sand bitumens, sha le  o i l  and coal  
l iquefac t ion  products i s  a matter of cur ren t  concern. 
hydrocarbons, ni t rogen and oxygen compounds a r e  present  i n  r e l a t i v e l y  l a r g e  amount i n  
these  f u e l  sources. These compounds can cause ser ious  problems i n  processing and 
i n  the  q u a l i t y  of  t h e  products. 
must be known t o  choose appropriate  c a t a l y s t s  and conditions for re f in ing .  

which involve t h e  combination of c l a s s i c a l  chromatographic separation and spectrometric 
charac te r iza t ion .  Although t h i s  approach i s  undoubtedly most usefu l ,  it is very time- 
consuming t o  apply t o  rout ine  ana lys i s  f o r  t h e  purpose of process cont ro l  o r  product 
evaluat ion.  Also, the  poor separat ion due t o  t h e  low ef f ic iency  o r  t a i l i n g  problems 
of c l a s s i c a l  adsorbents causes cross-contamination of f r a c t i o n s  i n  many cases .  

rap id  ana lys i s  of petroleum products and a l t e r n a t i v e  f u e l  sources .  Many o f  the  works 
d e a l t  with t h e  type ana lys i s  as a s u b s t i t u t e  of FIA method (1 ,2)  o r  so-called SARA 
method ( 3 , 4 ) .  
of petroleum products ( 5 ) .  
separat ion of polynuclear aromatic hydrocarbons (PAHs) i n  crude oil ( 6 )  ,while Mourey 
e t  a l .  used microparticulate pyrrolidone column f o r  t h e  ana lys i s  o f  PAHs i n  sha le  o i l  
( 7 ) .  w a s  a l s o  used by Dark e t  a l .  f o r  t h e  ana lys i s  of anthracene o i l  
( 8 ) .  
separat ion of heavy f r a c t i o n s ,  s ince t h e  long a l k y l  chains  govern t h e  re ten t ion  
c h a r a c t e r i s t i c s  r a t h e r  than polar  group i n  t h e  reversed phase mode (6.9) .  This paper 
r e p o r t s  a study on normal phase HPLC separa t ions  of aromatic and polar  compounds using 
severa l  packing mater ia l s .  

Polynuclear aromatic 

Then, t h e  charac te r  and content  o f  these  compounds 

Many works on compositional analyses  of each l i q u i d  have been reported,  most o f  

Recently, high performance l i q u i d  chromatography (HPLC) has been applied t o  t h e  

Selucky e t  al. used HPLC on p-Porasil  as  a f ingerpr in t ing  technique 
Wise e t  a l .  employed p-Bondapak NH2 ~olumn for  t h e  

u-Bondapak NH 
It seems appa?ent t h a t  normal phase chromatography is adequate f o r  t h e  c l a s s  

EXPERIMENTAL 

The instrument used w a s  a Varian Aerograph model 5020 Liquid Chromatograph 
equipped with a W 254 nm absorbance de tec tor  and a te rnary  solvent  programmer. 
Column packings used a r e  l i s t e d  i n  TABLE I .  Hexane, methylene chlor ide and methanol 
of LC grade were obtained from Wako Chemicals. Tokyo, and used as received. 

Packinn 

Nucleosil NO2 

2 Nucleosil NH 

Nucleosil CN 

Nucleosil SA 

Lichrosorb Si-5 

Lichrosorb A1-5  

TSK 111 

TABLE I .  HPLC COLUMN 
P a r t i c l e  

Functionali ty Diameter 
(urn) 

5 Acid- 
S i l i c a  

Alumina 
Styrene- 
D i  vinylbenzene 
Copolymer 

PACKINGS STUDIED 
Column Column ,Theoret ical  
Length I D  P l a t e  Supplier 

(cm) ( m m )  Number -- 
4000 

5000 Machery- 

15  4900 ~ ~ ~ ~ a ~ ~ j  
4600 

3ooo (Germany) 

3000 Toyo Soda 

4 ' 6  7500 E .  Merck 

25 

(Japan)  
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RESULTS AND DISCUSSION 

MODEL CCMPOUND STUDY. TABLE I1 summarizes the  r e t e n t i o n  d a t a  of model aromatic 
compounds on each s t a t i o n a r y  phase.  
us ing  Nucleosil  NO column, with t h e  except ion  of a c t i v a t e d  alumina. 
(4) f o r  t h e  separagion between naphthalene and chrysene i s  given by t h e  r a t i o  of t h e  
capac i ty  f a c t o r  f o r  bo th  compounds and i s  a l s o  shown i n  TABLE 11. Again, Nucleos i l  
NO2 gave the  l a r g e s t  s e l e c t i v i t y .  
t r a n s f e r  c a p a b i l i t y  of n i t rophenyl  group wi th  polynuclear aromatic hydrocarbons. 
Nucleos i l  NH seems t o  posess t h e  s i m i l a r ,  but  weaker, a b i l i t y ,  as it gave a b e t t e r  
s e l e c t i v i t y  ghan s i l i c a  r ega rd le s s  of t he  weaker r e t e n t i o n  f o r  naphthalene.  
Nucleos i l  CN and Nucleos i l  SA columns showed smaller  capac i ty  f a c t o r  than  s i l i c a .  
It was d i f f i c u l t  t o  o b t a i n  reproducib le  r e t e n t i o n  d a t a  wi th  alumina/hexane system. 
Alumina is,however, an important adsorbent s ince  it e x h i b i t s  t h e  most s t rong r e t e n t i o n  
f o r  aromatic compounds at a c t i v a t e d  s t a t e  and it g ives  the  most d i s t i n c t i v e  sepa ra t ion  
between mono- and d ia romat ics  (10). 
adsorp t ion  of aromatic compounds wi th  hexane a s  e l u a n t ,  probably due t o  &- ice l ec t ron  
i n t e r a c t i o n .  
t h e  s i z e  of a l k y l  s u b s t i t u e n t  and s t e r i c  exc lus ion  can occur i n  some cases ,  t h a t  
causes  the i m p o s s i b i l i t y  of s epa ra t ion  of s u b s t i t u t e d  compounds by aromatic r i n g  
number. 

The r e t en t ion  behavior  of s e l e c t e d  p o l a r  compounds a r e  summarized i n  TABLE 111. 
Pyr id ine  and i ts  benzologues are t h e  known main "basic"  n i t rogen  compounds i n  f o s s i l  
l i q u i d s .  Indole  and i t s  d e r i v a t i v e s  a re  t h e  t y p i c a l  "nonbasic" n i t rogen  compounds. 
Phenols a re  t y p i c a l  p o l a r  components conta in ing  oxygen. Carboxylic ac ids  were not 
s tud ied  here  as they  d i d  not give a c l e a r  peak i n  these  LC modes, probably because 
of a s soc ia t ion .  

Good sepa ra t ion  of po la r  compounds from aromatic hydrocarbons w a s  ob ta ined  
except  fo r  t h a t  on TSK 111 as shown i n  TABLE 111. A s  TSK 111 has no po la r  group on 
it, i n t e r a c t i o n  wi th  p o l a r  group i n  sample molecule i s  weak. The r a t h e r  s t rong  
r e t e n t i o n  of phenols and indoles  w i l l  be due t o  t h e i r  e l e c t r o p h i l i c  na tu re .  Polar  
compounds were p r e f e r e n t i a l l y  r e t a i n e d  on t h e  s t a t i o n a r y  phases o the r  than TSK 111. 
Gradient e l u t i o n  w a s  c a r r i e d  out  f o r  r ap id  e l u t i o n  of s t rong ly  r e t a i n e d  molecules.  
From t h e  data shown i n  TABLE 111, it i s  considered t h a t  po lar -polar  i n t e r a c t i o n s  
inc lud ing  hydrogen bonding o r  acid-base i n t e r a c t i o n  a r e  t h e  predominant separat ion 
mechanism, although t h e  e f f e c t  o f  a l k y l  s u b s t i t u t i o n ,  e s p e c i a l l y  a t  s t e r i c a l l y  
h indered  pos i t i ons  t o  p o l a r  group, i s  not neg l ig ib l e  ( e  .g.  8-methylquinoline a n d  
2 ,k-d ioc ty lphenol ) .  

o rde r  of compounds on ghese packings a r e  similar and i n  accordance wi th  t h e  order  of 
so-ca l led  p o l a r i t y :  nonbasic n i t rogen  compounds<phenols<basic n i t rogen  compounds. 
The capac i ty  f a c t o r s  are l a r g e r  f o r  a l l  compounds with NO2 column than  CN because of 
i t s  s t rong  p o l a r i t y .  
s e l e c t i v i t y  f o r  t h e  r e s o l z t i o n  between phenols and b a s i c  n i t rogen  compounds ( s e e  TABLE 
111). Nucleosi1,NE have weakly b a s i c  c h a r a c t e r ,  and showed s t rong  r e t e n t i o n  of 
phenols.  
nonbasic n i t rogen  compounds a r e  weak ac ids  and t h e  i n t e r a c t i o n  with amino group can 
occur.  
Then, alumina showed p r e f e r e n t i a l  adsorp t ion  of nonbasic n i t rogen  compounds r e l a t i v e  
t o  bas i c  compounds. To e l u t e  phenols from alumina colunn, e luan t  conta in ing  a more 
p o l a r  solvent  (e .g .  methanol) was r equ i r ed .  I n  c o n t r a s t ,  Nucleos i l  SA has s t rong ly  
a c i d i c  f u n c t i o n a l i t y  and showed s t rong  r e t en t ion  o f  bas i c  n i t rogen  compounds. 
ca se  of s i l i c a ,  t h e  e l u t i o n  o rde r  approximately depends on sample p o l a r i t y ,  al though 
Ici&~ic:y f u r  a p~-ci-crar~ i i a i  adsurpi ior i  ui basic cumgounits i s  a i s v  o'uservait. 

g ive b e t t e r  r e s o l u t i o n  between phenols and n i t rogen  compounds and t h a t  bez t e r  
s epa ra t ion  of n i t rogen  compounds by types i s  obta ined  us ing  s i l i c a  and Nucleosil  SA. 
The e f f e c t  of a l k y l  s u b s t i t u t i o n  on s e p a r a b i l i t i e s  by compound types depend on i t s  
p o s i t i o n ,  number and s i z e .  From TABLE 111, s u b s t i t u t i o n  at s t e r i c a l l y  hindered 
p o s i t i o n s  appears  t o  a f f e c t  most l a r g e l y .  

The l a r g e s t  capac i ty  f a c t o r  ( k ' )  w a s  ob ta ined  
S e l e c t i v i t y  

This could be a t t r i b u t e d  t o  t h e  l a r g e  charge- 

TSK 111 (polys tyrene  g e l )  e x e r t s  a unique 

The d i f f i c u l t y  wi th  t h i s  system i s  t h a t  r e t en t ion  i s  very dependent on 

Both Nucleos i l  NO and Nucleos i l  CN have n e u t r a l  func t iona l  group and t h e  e l u t i o n  

NO showed s t ronge r  r e t e n t i o n  f o r  phenols,  with decreasing t h e  

Basic. an$ nonbasic n i t rogen  compounds were not separa ted  each o the r .  The 

I t  i s  .we l l  known t h a t  alumina contains  a number of s t rong ly  b a s i c  s i t e s .  

I n  t h e  

The comparison of s e l e c t i v i t i e s  i n  TAL3LE 111 shows t h a t  Nucleos i l  NH and s i l i c a  

The tendency of t h i s  e f f e c t  seems t o  be 
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common t o  a l l  po la r  s t a t i o n a r y  phases s tud ied .  
APPLICATION STUDY. Examples of HPLC sepa ra t ions  on  coa l  t a r  and heavy petroleum 
f rac t ions  a r e  descr ibed  here .  FIGURE 1 i s  t h e  chromatograms on coa l  tar .  With 
Nucleos i l  NH column, separat ion of aromatic compounds by r i n g  number ( th ree - r ing  2 aromatics as predominant 
achieved. Nonbasic ni t rogen,  phenols and b a s i c  n i t rogen  compounds were sepa ra t ed  
each o the r  us ing  s i l i c a .  In t h e  case of alumina, gradient  e l u t i o n  us ing  t h r e e  
solvent  inc luding  methanol was performed t o  e l u t e  phenols.  Here aga in ,  s epa ra t ion  of 
aromatics by r i n g  number and separat ion of n i t rogen  compounds and phenols were 
obtained.  A reversed  t r a c e  of g rad ien t  p r o f i l e  w a s  c a r r i e d  ou t  t o  r egene ra t e  alumina 
column. 

Nucleosil  V02, NH 
NO 
po?ar components. Two main peaks i n  po la r  region seem t o  be a t t r i b u t e d  t o  b a s i c  and 
nonbasic n i t rogen  compounds. To examine t h e  HPLC behavior of t h e s e  components p r e s e n t  
i n  t h e  f r a c t i o n ,  bas i c  and nonbasic ( a c i d i c )  compounds were concent ra ted  by chromato- 
graphy on ion-exchangers (Amberlyst 1 5  and A29, Rohm and Haas),  and c o l l e c t e d  f r a c t i o n s  
were i n j e c t e d  i n t o  HPLC system. Although cross-contamination was observed ,  
p a r t i c u l a r l y  i n  t h e  A29 adsorbate ,  t h e  a t t r i b u t i o n  
proper.  Due t o  t h e  long and seve ra l  a l k y l  s u b s t i t u t i o n s ,  n i t rogen  compounds were not 
r e t a i n e d  so  s t rong ly  a s  model compounds, while some s e p a r a b i l i t y  by types s t i l l  remains .  
The heavier  i s  t h e  f r a c t i o n ,  t h e  more d i f f i c u l t  i s  t h e  sepa ra t ion  as shown i n  FIGURE 2B. 
FIGURE 2C shows t h e  chromatogram of hydrogenated product of  f r a c t i o n  i n  FIGURE 2A. 
Broader d i s t r i b u t i o n  of n i t rogen  compounds were observed i n  FIGURE 2 C .  These new 
peaks can be those  of t h e  hydrogenated in te rmedia tes  or products of n i t rogen  compounds, 
which posess  a v a r i e t y  of b a s i c  or  nonbasic cha rac t e r s .  
compounds by types was not  s o  c l e a r  i n  petroleum heavy f r a c t i o n s ,  because o f  t h e  l a r g e  
a l k y l  o r  naphthenic s u b s t i t u e n t s .  Some c h a r a c t e r i s t i c  p r o f i l e s  can be  obta ined , though,  
e s p e c i a l l y  with Nucleos i l  NO . Mono-, di-  and polynuclear aromatic f r a c t i o n s  w e r e  
co l l ec t ed  by p repa ra t ive  scaEe chromatography on ac t iva t ed  alumina (10) and t h e  wel l -  
def ined  f r a c t i o n s  were chromatographed on Nucleos i l  NO . A s  shown i n  FIGURE 3, 
s e p a r a b i l i t y  by r i n g  number can be  recognized, althougg c l e a r  r e s o l u t i o n  was no t  
obtained.  

and sepa ra t ion  between n i t rogen  compounds and phenols were 

FIGURE 2 demonstrates t h e  HPLC sepa ra t ions  on heavy petroleum f r a c t i o n s .  S i l i c a ,  
and CN columns a l l  gave t h e  s i m i l a r  p a t t e r n s  of chromatograms; with 

and CN columns some over lap  were observed between polynuclear a romat ics  and weakly 2 

of two peaks w a s  proved t o  be 

Separa t ion  of aromatic 
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Toluene 0.09 0.05 0.06 
Tetraline 0.14 0.05 0.06 
Naphthalene 0.68 0.23 0.22 
Biphenyl 0.68 0.25 0.29 
Fluorene 1.55 0.36 
Anthracene 1.91 0.54 0.53 

Pyrene 3.18 0.91 
Chrysene 6.27 1.32 0.80 
Benzo(e)pyrene 12.18 1.82 1.00 
Dibenzofuran 1.23 0.36 
Dibenzothiophe 1.72 0.50 
Se1ectivity(dl)” 9.22 5.74 3.64 
a) Carrier: Hexane. 1 ml/min. 
b)sC = k’(chrysene)/k’(naphthalene). 

Fluoranthene 4.64 0.86 0.61 

1 

TABLE 11. CAPACITY FACTORS AND SELECTIVITY OF AROMATIC COMPOUNDSa) 
Nucleos il Lichrosorb TSK 

Si-5 111 Compounds 

Dodecylbenzene 0.09 0.00 0.06 0.05 0.14 -0.08 
0.14 0.25 -0.03 
0.18 0.33 0.22 
0.23 0.44 0.67 
0.23 0.61 0.67 

1.03 
0.45 0.75 1.67 

2.11 
0.55 0.83 2.25 
0.82 1.33 3.50 

1.69 5.00 
0.94 
1.61 

3.57 3.02 5.22 

E* E 2  CN sn 
Capacity factor 

TABLE 111. CAPACITY FACTORS AND SELECTIVITIES OF POLAR COMPOUNDSa) 
Nucleosil Lichrosorb TSK 
3 CN SA Si-5 Compounds 

Capacity factor - - _ _  
Indole 9.82 10.73 6.45 8.36 6.89 
2-Methylindole 9.82 10.09 5.82 7.41 6.72 
3-Methylindole 9.27 9.73 5.12 6.68 6.44 
Carbazole 

Pyridine 
Quinoline 
2-Methylquinoline 
4-Methylquinoline 
7-Methylquinoline 
8-Methylquinoline 
2,6-Dimethylquinoline 
Isoquinoline 
Acridine 
Aniline 
1.2,3 .b-Tetra- 

Phenol 
o-Cresol 
p-Cresol 
2,5-Xylenol 
2,6-Xylenol 
3,4-Xylenol 
p-Nonylphenol 
2,4-Dioctylphenol 
/-Naphthol 
Selectivity y.l b) c) 

hydroquinoline 

d.2 d) 
d a  

10.73 
14.00 
13.73 
13.64 
14.45 
13.91 
8.73 
13.82 

11.18 7.00 8.27 7.67 
11.18 10.29 
10.82 9.98 
10.55 

10.29 
11.55 9.82 

11.18 10.29 
7.64 

14.55 12.00 10.37 
13.64 10.82 9.04 22.64 16.00 
10.36 
9.36 7.18 2.45 

13.64 16.27 8.88 13.68 11.00 
11.82 13.55 7.71 10.45 
14.00 9.27 13.00 
11.27 7.00 

14.00 15.27 8.88 
12.18 13.73 7.78 11.91 ’ 10.11 

13.55 17.73 9.67 

8.18 3.16 

6.91 3.16 4.86 6.44 

1.27 1.46 1.27 1.65 1.43 
i.uu 1.5u ~ . u 2  l . b >  L.Q> 
1.27 1.03 1.29 2.74 2.09 

A1-5111 
5.17 
4.53 
3.94 

6.45 9.08 

1.38 

5.55 2.47 

N.Ee) 3.94 
2.81 
3.50 
8.39 

N.E. 1.69 
0.47 
8.39 

large 2.30 
large 1.60 
1.16 3.68 

a) Gradient elution for Nucleosil and Lichrosorb: Hexane(l0 min) then to 
methylene chloride at 2.5%/min. 

b) For phenol & carbazole. c )  For phenol 8: acridine. d )  For carbazole & acridine. 
e) not eluted. 

With TSK, isocratic with hexane. 1-ml/min. 
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REVERSE PHASE LIQUID CHROMATOGRAPHY 
OF COAL LIQlrEFACTION SOLVENTS 

F. P .  Burke,  R .  A. Winschel and T .  C .  Pochapsky 

Conoco Coal Development Company 
Research D i v i s i o n  

L i b r a r y ,  Pennsylvania  15129 

INTRODUCTION 

I n  t h e  v a r i o u s  p r o c e s s e s  f o r  t h e  d i r e c t  l i q u e f a c t i o n  of c o a l  a l i q u e f a c t i o n  
s o l v e n t  is employed which c o n s i s t s ,  a t  l e a s t  i n  p a r t ,  of a d i s t i l l a t e  b o i l i n g  i n  
t h e  200 x 500'C r ange .  The composition o f  t h i s  m a t e r i a l  can have a s i g n i f i c a n t  
e f f e c t  upon p rocess  per formance("2) .  In our work w i t h  SRC-I and H-Coal r e c y c l e  
o i l s ( * " ) ,  w e  found i t  d e s i r a b l e  t o  have a method f o r  s e p a r a t i n g  t h e s e  d i s t i l l a t e s  
i n t o  component c l a s s e s  which can be  q u a n t i f i e d  t o  p rov ide  a composi t iona l  a n a l y s i s  
o f  t h e  m a t e r i a l ,  i n  a manner s i m i l a r  to  t h e  SESC t echn ique ( ' ) .  
o f  t h i s  k ind  have been 
sequence o f  s o l v e n t s  of i n c r e a s i n g  p o l a r i t y .  We f e l t  t h a t  t he  chromatography of 
t h e s e  r e c y c l e  s o l v e n t s  on an ODS r e v e r s e  phase column might be advantageous  i n  avoid- 
i n g  t h e  problems of i r r e v e r s i b l e  a b s o r p t i o n ,  low s e l e c t i v i t y ,  and a l t e r a t i o n  of t h e  
sample which can occur  w i t h  t h e  a b s o r p t i o n  column. The b ina ry  g r a d i e n t  used wi th  
t h e  O D s  column o f f e r e d  much g r e a t e r  f l e x i b i l i t y  i n  terms of s o l v e n t  programming t o  
t a i l o r  t h e  s e p a r a t i o n  t o  a s p e c i f i c  type  of sample ,  than  was a v a i l a b l e  w i t h  t h e  
a b s o r p t i o n  method. 

Group s e p a r a t i o n s  
us ing  s i l i c a  o r  alumina columns w i t h  some 

Resu l t s  are p r e s e n t e d  on t h e  RPLC s e p a r a t i o n  of W i l s o n v i l l e  SRC-I s o l v e n t s .  
These d a t a  a r e  q u a n t i f i e d  and t h e  r e l a t i v e  amounts of t h e  e l u t e d  f r a c t i o n s  provide  
an  e x p l a n a t i o n  of t h e  r e l a t i v e  v a l u e s  o f  t h e s e  s o l v e n t s  as l i q u e f a c t i o n  media.  Re-  
s u l t s  a r e  a l s o  p r e s e n t e d  on t h e  RPLC s e p a r a t i o n  of H-Coal r e c y c l e  d i s t i l l a t e s .  It 
was found t h a t ,  f o r  t h e  RPLC e l u t i o n  program used ,  a s t r o n g  l i n e a r  c o r r e l a t i o n  
e x i s t s  between t h e  r e t e n t i o n  t i m e  of the  component and a " s t r u c t u r a l  vec to r "  con- 
s i s t i n g  of t e n  p a r a m e t e r s  which d e s c r i b e  t h a t  component 's  molecular  s t r u c t u r e .  This  
a l lows  one t o  p r e d i c t  t h e  r e t e n t i o n  t i m e  of a component of  i n t e r e s t  f o r  q u a l i t a t i v e  
i d e n t i f i c a t i o n ,  and can  a l s o  be used to  suppor t  t h e  i d e n t i f i c a t i o n  o f  a component 
observed t o  e l u t e  a t  a g i v e n  r e t e n t i o n  t i m e .  

EXPERIMENTAL 

S e p a r a t i o n  of N i l s o n v i l l e  So lven t s  

The W i l s o n v i l l e  s o l v e n t s  were sepa ra t ed  u s i n g  a 25 cm x 6.35 m ODS column 
from Lyon Technology. 
methanol /water  g r a d i e n t  i n d i c a t e d  a t  t he  top of t h e  chromatogram i n  F igu re  1. 
E lu t ed  f r a c t i o n s  were q u a n t i f i e d  us ing  a Pye-Ilnicam moving wire f lame i o n i z a t i o n  
d e t e c t o r ,  and component i d e n t i f i c a t i o n s  were made by C.C/MS a n a l y s e s  of each  f r a c -  
t i o n .  T h e  e l u t a n t  f low r a t e  was 1 .5  ml/min. The chromatogram w a s  d iv ided  i n t o  
twelve more-or-less a r b i t r a r y  f r a c t i o n s ,  t h e  f r a c t i o n  c u t p o i n t s  cor responding  t o  
minima i n  t h e  chromatogram. 

The sample was e l u t e d  from t h e  column us ing  a step-wise 

S e p a r a t i o n  of H-Coal Samples 

The H-Coal r e c y c l e  d i s t i l l a t e s  were s e u a r a t e d  on an  A l t e x  C-18 U l t r a s p h e r e  ODS 
column (25 cm x 4 . 6  ml). A s  above, f r a c t i o n s  were q u a n t i f i e d  us ind  the  Pye-Unicam 
FID. The e l u t a n t  f low r a t e  was 1 .0  ml/min, and t h e  e l u t i o n  sequence is shown i n  
F igu re  2.  
Twenty-eight f r a c t i o n s  c o l l e c t e d  from t h e  RPLC s e p a r a t i o n  of t h e  H-Coal samples ,  

A 2 n i n  g r a d i e n t  w a s  programmed f o r  each s t e p  change i n  s o l v e n t  s t r e n g t h .  
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a s  i n d i c a t e d  i n  F igure  2 ,  were ana lyzed  by GC/MS t o  make component i d e n t i f i c a t i o n s .  
Note t h a t  f o r  bo th  s e p a r a t i o n s ,  t h e  f i n a l  f r a c t i o n  was removed by a t e t r a h y d r o f u r a n  
(THF) f l u s h .  

RESULTS AND DISCUSSION 

W i l s o n v i l l e  SRC-I So lven t s  

In t h e  cour se  of a program on s h o r t  r e s i d e n c e  t i n e  l i q u e f a c t i o n  done under EPRI 
sponsorsh ip( ’ )  w e  r ece ived  r e l a t i v e l y  l a r g e  and r e p r e s e n t a t i v e  samples o f  W i l s o n v i l l e  
SRC-I r e c y c l e  d i s t i l l a t e s  over  a pe r iod  of f o u r t e e n  months. The f i r s t  sample ,  Batch 
I ,  was hydrogenated i n  a fixed-bed u n i t  t o  produce a s o l v e n t  i d e n t i f i e d  as Hydro 11. 
These w e r e  found t o  be a c c e p t a b l e  s o l v e n t s  f o r  bench-sca le  s h o r t  r e s idence  t i m e  l i que -  
f a c t i o n  work. The l a t e r  b a t c h e s ,  Batch 111 and V I ,  w e r e  found t o  be  u n a c c e p t a b l e  f o r  
use  i n  t h e  cont inuous  s h o r t  r e s i d e n c e  t i m e  bench-sca le  u n i t .  The r e s u l t s  o f  t h i s  work 
have been p resen ted  i n  c o n s i d e r a b l e  d e t a i l  e l sewhere( ’ ) .  For t h e  p r e s e n t  purposes  i t  
i s  s u f f i c i e n t  t o  no te  t h a t  Batch I and Hydro I1 s o l v e n t s  were s i g n i f i c a n t l y  s u p e r i o r  
t o  Batch 111 and V I  s o l v e n t s  i n  t e r m s  of t h e i r  a b i l i t y  t o  a c t  a s  hydrogen donor l i que -  
f a c t i o n  s o l v e n t s .  

The r e v e r s e  phase l i q u i d  chromatogram of Hydro I1 s o l v e n t  is shown i n  F igu re  1. 
Table  1 l i s t s  r e p r e s e n t a t i v e  compounds i n  each of t h e  twelve f r a c t i o n s  and t h e  approx- 
imate  weight p e r c e n t a g e  of each f r a c t i o n  a s  de te rmined  by t h e  FID d e t e c t o r  r e sponse .  
Because of the  h i g h  r e s o l u t i o n  of t h e  commercial ODS columns used i n  t h i s  s t u d y ,  t h e r e  
was e s s e n t i a l l y  no ove r l ap  of components even between two a d j a c e n t  f r a c t i o n s .  There- 
f o r e ,  t h e  f u n c t i o n a l  components occur  p r i m a r i l y  i n  f r a c t i o n s  1 through 5 ,  the nonfunc- 
t i o n a l  a romat i c s  i n  f r a c t i o n s  6 th rough 11 and t h e  s a t u r a t e d  hydrocarbons e x c l u s i v e l y  
i n  f r a c t i o n  12. Note a l s o  t h a t  t h e  sequence of d i a r o m a t i c s  ( e . g . ,  f l u o r e n e s ,  naphtha- 
l e n e s ,  d ibenzofurans)  beg ins  around f r a c t i o n  5 and each s u c c e s s i v e  f r a c t i o n  con ta ins  
t h e  next  a l k y l a t e d  homologue. Phenanthrene e l u t e s  i n  f r a c t i o n  7 and pyrene  i n  f r a c -  
t i o n  8 and aga in  t h e  a l k y l a t e d  homologues appear  i n  o r d e r  i n  success ive  f r a c t i o n s .  
Hydroaromatics appear  e a r l i e r  than  a l k y l  s u b s t i t u t e d  molecules  w i t h  t h e  same number 
of s a t u r a t e d  carbons .  Thus, d ihydrophenanthrene  e l u t e s  w i th  t h e  methylphenanthrene  
i n  f r a c t i o n  8 ,  and t e t r a  and oc tahydrophenanthrene  i n  t h e  next  two f r a c t i o n s .  Frac-  
t i o n  11 con ta ins  ve ry  h i g h l y  a l k y l a t e d  a romat i c s  ( e . g . ,  C 7  th rough C S  naph tha lenes ) .  

The RPLC d a t a  show a s t eady  i n c r e a s e  i n  t h e  amount of h e t e r o  molecules  ( p r i n c i -  
p a l l y  phenols and indano l s )  upon going from Batch I t o  Batch V I  s o l v e n t .  Taking f r a c -  
t i o n s  1 through 4 a s  a group,  p o l a r  molecules  inc reased  from 15.8% (Batch I) t o  20.0% 
(Batch 111) t o  27.1% (Batch V I ) .  Hydrogenation of Batch I decreased  t h e  p o l a r  f r a c -  
t i o n s  t o  10.0% (Hydro 11). A t  t h e  o t h e r  end of t h e  chromatogram, t h e  s a t u r a t e s  
approximate ly  double on going  from Batch I t o  Batch V I .  Hydrogenation of Batch I 
i n c r e a s e s  the  s a t u r a t e s  by about 507:. The hydroaromat ic  hydrogen donor molecules  a r e  
found p r i n c i p a l l y  i n  f r a c t i o n s  7 th rough 10. Batch 111 and Batch V I  s o l v e n t s  a r e  
dep le t ed  i n  t h e s e  f r a c t i o n s  r e l a t i v e  t o  Batch I and Hydro 11. 

The RPLC d a t a  on t h e  W i l s o n v i l l e  r e c y c l e  s o l v e n t s  can  be  r e a d i l y  r e l a t e d  t o  t h e  
The Batch I and Hydro I1 s o l v e n t s  a r e  q u a l i t y  of t h e s e  s o l v e n t s  a s  hydrogen donors .  

r i c h e r  i n  those  f r a c t i o n s  which c o n t a i n  t h e  p a r t i a l l y  hydrogenated a r o m a t i c s  which 
can  se rve  as hydrogen donors .  In Batch 111 and Batch V I  s o l v e n t s  t h e s e  f r a c t i o n s  a r e  
d i sp l aced  by t h e  monoaromatic phenols  and indano l s  and a l s o  by s a t u r a t e d  hydrocarbons.  
The more a l k y l a t e d  Batch 111 and Batch V I  s o l v e n t s  a r e ,  t h e r e f o r e ,  expec ted  t o  be  
b o t h  poorer  hydrogen donors and poore r  p h y s i c a l  s o l v e n t s  than  Batch I o r  Hydro 11. 

RPLC Sepa ra t ion  of H-Coal Recycle Dis t i l la te  

F igure  2 shows t h e  RPLC chromatogram of a d i s t i l l a t e  r e c y c l e  sample from Run 9 
of  t h e  H-Coal PDU, opera ted  by HRI i n  T ren ton ,  New J e r s e y .  T h i s  chromatogram was 
ob ta ined  as p a r t  o f  a program t o  ana lyze  r e c y c l e  o i l s  i n  the  H-Coal p rocess  and more 
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complete d e t a i l s  a r e  repor ted  elsewhere(3"").  The e l u t i o n  g r a d i e n t  used i s  shown 
a t  t h e  top  of F i g u r e  2 .  
l a t e ,  t h e  chromatogram shows h i g h e r  r e s o l u t i o n  and w a s  d iv ided  i n t o  28 f r a c t i o n s  a s  
opposed t o  t h e  1 2  used f o r  t h e  Wilsonvi l le  s o l v e n t .  The purpose of t h i s  was t o  ob- 
t a i n  a b e t t e r  q u a l i t a t i v e  i d e n t i f i c a t i o n  by GC/MS o f  t h e  components i n  t h e  H-Coal 
samples. We have found t h a t  t h e s e  components e l u t e  i n  a p r e d i c t a b l e  manner based 
on a s e t  of s t a n d a r d  parameters  ( i . e . ,  " s t r u c t u r a l  vec tors" )  which d e f i n e  the  mole- 
cu le .  
can support  i d e n t i f i c a t i o n s  and p r e d i c t  t h e  f r a c t i o n  which a given component w i l l  
e l u t e .  In a l l ,  we obta ined  mass s p e c t r a  f o r  over  500 components of t h e  H-Coal d i s -  
t i l l a t e .  Grouping isomers  a s  i n d i v i d u a l  components, t h i s  l i s t  is  reduced t o  153 
e n t r i e s .  Components are represented  as s t r u c t u r a l  v e c t o r s  f o r  c o r r e l a t i o n  w i t h  
r e t e n t i o n  times. The t e n  c a t e g o r i e s  used f o r  s t r u c t u r a l  components a r e  shown i n  
Table  2.  We b e l i e v e  t h e  l i s t i n g  i n  Table  2 is the  minimum number of parameters  
necessary  t o  s p e c i f y  each component t o  the  e x t e n t  t h a t  t h e  GC r e t e n t i o n  times and 
mass s p e c t r a  a l low i d e n t i f i c a t i o n .  That i s ,  h i g h e r  l e v e l  parameters  such a s  p o i n t s  
of a l k y l  s u b s t i t u t i o n  cannot  b e  der ived f o r  a l l  components from t h e  GC/MS d a t a ,  and 
are t h e r e f o r e  excluded.  

Because a b e t t e r  column was used f o r  the  H-Coal d i s t i l -  

By c o r r e l a t i n g  r e t e n t i o n  t imes wi th  v e c t o r s  which d e s c r i b e  t h e  molecules  w e  

Table  3 g i v e s  t h e  t e n t a t i v e  i d e n t i f i c a t i o n s  of  153 components which were cor- 
r e l a t e d  on t h e  b a s i s  of s t r u c t u r a l  parameters ,  wi th  r e t e n t i o n  t imes i n  t h e  RPLC run. 
The percentage  of each  f r a c t i o n  i n  the  RPLC chromatogram of  t h e  mixture  was de te r -  
mined from t h e  i n t e g r a t e d  response of t h e  Pye-Unicam moving w i r e  FID. The r e l a t i v e  
amounts of  each  component i n  a given f r a c t i o n  were determined from t h e  t o t a l  i o n  
chromatograms of t h e  GC/MS r u n s  used f o r  component i d e n t i f i c a t i o n s .  In most cases  
the  sum o f  t h e  percentages  of  t h e  components i n  a g iven  f r a c t i o n  does n o t  equal  100. 
This  i s  because:  (1) some f r a c t i o n s  conta ined  u n i d e n t i f i e d  components which were 
not  used i n  t h e  c o r r e l a t i o n ,  and (2) some of t h e  gas  chromatograms were of poor  
q u a l i t y  because of  t h e  small sample s i z e  a v a i l a b l e  and a c c u r a t e  q u a n t i t a t i o n  w a s  n o t  
poss ib le .  The percentages  of components i n  a g iven  f r a c t i o n  do a l low a d i s t i n c t i o n  
between major and minor components, and,  f o r  those  components which were found i n  
more than  one f r a c t i o n ,  show i n  which f r a c t i o n  t h e  m a j o r i t y  of  t h a t  component e l u t e s .  
The RPLC e l u a t e  was c o l l e c t e d  i n  28  f r a c t i o n s  and t h e  mean r e t e n t i o n  t i m e  of each 
f r a c t i o n  used i n  t h e  l i n e a r  m u l t i p l e  r e g r e s s i o n  c o r r e l a t i o n .  The c o r r e l a t i o n  co- 
e f f i c i e n t  i s  0.988 and t h e  s l o p e  of  t h e  observed v e r s u s  c a l c u l a t e d  r e t e n t i o n  times 
i s  0.976. No u s a b l e  GC/MS d a t a  were obta ined  f o r  f r a c t i o n s  1, 2 and 27. Frac t ion  
28, which i s  e l u t e d  wi th  THF, conta ins  naphthenes and normal and branched a lkanes  
from C I ~  through about  Cas. The average e r r o r  i n  t h e  c o r r e l a t i o n  i s  2.5 min. Since 
t h e  average f r a c t i o n  width is  over  4 min, and the  mean r e t e n t i o n  t i m e s  were used f o r  
each component i n  a given f r a c t i o n ,  we have a n  i n h e r e n t  e r r o r  of  f ' L 2  minutes i n  
t h e  observed r e t e n t i o n  times. 

The c a l c u l a t e d  r e t e n t i o n  t i m e  c o e f f i c i e n t s  a r e  given i n  'Cable 2. Fac tors  which 
i n c r e a s e  molecular  s i z e  (number of aromatic  r i n g s ,  a l i p h a t i c  and hydroaromatic 
carbons)  i n c r e a s e  t h e  r e t e n t i o n  time. Parameters  which reduce molecular  s i z e  (aro- 
mat ic  condensat ion,  hydroaromatic  r i n g s )  decrease  r e t e n t i o n  t i m e .  

Hydroxyls and b a s i c  and non-basic n i t r o g e n s  have s t r o n g  n e g a t i v e  c o r r e l a t i o n s .  
S u r p r i s i n g l y ,  e t h e r i c  oxygen h a s  a p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t .  However, s i n c e  
only  two e t h e r s ,  d ibenzofurans ,  were de tec ted  t h i s  parameter  i s  u n c e r t a i n .  

That such a s t r o n g  l i n e a r  c o r r e l a t i o n  e x i s t s  between r e t e n t i o n  times and t h e  
ccr..^c..r", ------ i^ 1 _ 1 _ _  T L  1. 1 .-..--- 1 > . . -  . ~ 

----_---I- ,,.---...-.-..- aYLrL1=1Li6. L L  C I C a L I y  uspccrrucirc ULI s ~ l . v r r ~ i  yiubial 
used i n  t h e  RF'LC r u n .  However, we have developed similar c o r r e l a t i o n s  f o r  d i f f e r e n t  
s o l v e n t  programs and samples o t h e r  than H-Coal l i q u i d s .  Therefore ,  we conclude t h a t  
t h i s  so lvent  program is  n o t  unique.  This  sugges ts  t h a t  a d i f f e r e n t  program may pro- 
duce a p r e d i c t a b l e  s e p a r a t i o n  which may have s p e c i f i c  advantages f o r  t h e  problem a t  
hand. One u s e  of this method i s  as a pre-separa t ion  when the  i n t e n t  is t o  d e t e c t  
a s p e c i f i c  component. The approximate r e t e n t i o n  t i m e  can be c a l c u l a t e d  f o r  a g iven  
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component, and a f r a c t i o n  o f  the  RPLC e l u a t e  can be taken which covers  t h i s  re ten-  
t i o n  time. This  f r a c t i o n  can  then b e  analyzed,  probably by GC/MS, t o  determine i f  
t h e  component is  p r e s e n t .  This  w i l l  e l i m i n a t e  t h e  i n t e r f e r e n c e s  i n  the  GC from 
s t r u c t u r a l l y  d i s s i m i l a r  components w i t h  s i m i l a r  GC r e t e n t i o n  t i m e s .  This  method 
a l s o  a l lows  concent ra t ion  of  t h e  sample t o  improve s e n s i t i v i t y .  

CONCLUSIONS 

Reverse phase l i q u i d  chromatography i s  a promising method f o r  a n a l y t i c a l  O r  
p r e p a r a t i v e  s e p a r a t i o n  of c o a l  der ived  d i s t i l l a t e s .  
t i v i t y  of commercially a v a i l a b l e  ODS columns a l lows  s p e c i f i c  component classes ( e . g . ,  
p o l a r s ,  a romat ics ,  s a t u r a t e s )  t o  be s e p a r a t e d  wi thout  CKOSS contaminat ion.  A wide 
v a r i e t y  of e l u t i o n  programs i s  r e a d i l y  a v a i l a b l e .  The i n e r t n e s s  of  t h e  column sub- 
s t ra te  should minimize problems of i r r e v e r s i b l e  adsorp t ion  and chemical  a l t e r a t i o n  
Of sample components on the  column. The r a t h e r  unexpected r e s u l t  t h a t  r e t e n t i o n  
t i m e  can b e  a c c u r a t e l y  pred ic ted  on the  b a s i s  of  a s imple s t r u c t u r a l  r e p r e s e n t a t i o n  
of a component opens up i n t e r e s t i n g  p o s s i b i l i t i e s  f o r  refinement and a p p l i c a t i o n  of  
t h e  method. 

The high r e s o l u t i o n  and Selec- 
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Table 1 

Reverse Phase Liquid Chromatographic 
Separation of Wilsonville Solvents 

Fraction 

1 
2 
3 

4 
5 

6 

7 

0 

9 

10 

11 
12 

Wilsonville Batch,* 
approximate, wt X 

I 11 VI Hydro I1 - - _ _  Representative Compounds 

phenol, cresols 0.9 1.0 0.7 
quinoline, indole, indanol, xylenols 2.2 2.1 4.7 
methyl indanols, C3-phenols, methyl. quinoline 4.4 6.7 9.0 
carbazole, C+ + Cs-phenols, Cs-indanols 8.3 10.2 12.7 
methyl carbazoles, diphenylether, Cz-quinolines, 8.3 8.2 8.6 
naphthalene 

dibenzothiophene, dibenzofuran, Cz-carbazole, 
fluorene, acenaphthene, methylnaphthalene, 
biphenyl, tetralin 

methyl fluorene, Cz-naphthalene, C1-tetralin, 
phenanthrene 

C1-phenanthrene, C3-naphthalene, pyrene, di- 
hydrophenanthrene 

tetrahydrophenanthrene, phenyl naphthalene, 
Cs-naphthalene, Cz-phenanthrene, Ca-biphenyl 

octahydrophenanthrene, C. + Cs-naphthalenes, 
CI + Cz-tetrahydroacenpahthenes, C1-phenyl 
naphthalene, Cs-biphenyl, C3 + C!,-tetralins 

highly alkylated aromatics 
saturated hydrocarbons 

* FID detector response 

2.5 5.5 2.0 

14.2 12.2 6.7 

11.7 4.6 6.5 

7.0 6.2 5.6 

30.3 28.9 21.7 

3.2 2.5 7.2 
7.1 11.8 14.6 

Table 2 

Structural Parameters and Coefficients for Reverse Phase 
Liquid Chromatogram of H-Coal Hydroclone Overflow Distillate 

Coefficient, 
Structural Factor (Xi) min, (Ci) 

Constant 
Number of 
Degree of 
Number of 
Number of 
Number of 
Number of 
Number of 
Number of 
Number of 
Number of 

Aromatic Rings 
Condensation 
6-Membered Saturated Rings 
5-Membered Saturated Rings 
Alkyl Carbons 
Naphthenic Carbons 
Hydroxyl Groups 
Ether Oxygens 
Non-Basic Nitrogens 
Basic Nitrogens 

Retention Time = 1 CiXi 

72 
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-10.45 
24.28 
-5.35 
-3.80 
-4.86 
8.78 
8.79 

-25.26 
11.53 

-11.23 
-28.53 

0.1 
1.1 
2.3 

6.5 
7 ..9 

1.3 

13.8 

9.4 

4.2 

37.2 

5.1 
10.9 



Tobl:  3. Con.?onent Identifications - RPLC Separation o f  H-Coal 
Hydroclone Overflow Distillate - PDU Run 9 - Period 20 

1.5 

1 
1.0 I 
1.6 

1 
1.9 I 
2.2 

i 
ill 
4 i l  2.7 

I 

Cn-Phenol 
Indole 
Indanol 
C >-Phenol 
Ci-Indanol 
Cz-Quinoline 
Phenylphenol 
Ck-Phenol 
Ci-Phenylphenol 
Cz-Indanol 
Ci-Indole 
Carbazole 
Cu-Phenol 
Cz-Indanol 
Ci-Phenylphenol 
Cs-Phenol 
C3-Indanol 
Cz-Phenylphenol 
Ci-Carbazole 
Cs-Phenol 
Ci-Phenol 
C3-Indanol 
Cu-Quinoline 
C 1-Acridine 
Cz-Carbazole 
Cz-Acridine 
Cs-Phenol 
Cb-Indanol 
Cz-Carbazole 
Cz-Acridine 
CI-Azapyrene 
C1-Phenylphenol 
Cz-Naphthalene 
Acenaphthene 
Fluorene 
Dihydroanthracene 
Phenanthrene 
C3-Carbazole 
Cz-Naphthalene 
C1-Acenaphthene 
C1-Fluorene 
Dihydrophenenachrene 
Phenanthrene 
Ci-Dibenzofuran 
Benzindan 
Ci-Tetralin 
Tetrahydroacenaphthene 
C3-Naphthalene 
Ci-Fluorene 
Ci-Phenanthrene 
Cyclopenta (d,e,f) Phenanthrene 
Fluoranthene 
Pyrene 
Ci-Dibenzofuran 
Cu-Carbazole 
Cn-Biphenyl 
Ci-Acenaphthene 

48 6. 1 10.2 4.1 
2 9.9 0 . 4  

47 10.0 1 0 . 2  

34 14.9 16.3 1.4 
58 18.8 -2.5 

2 12.9 3.4 
20 23.7 -1.9 

-5.8 
2 18.1 3 .1  

18 22.0 -0 .3  

10 23.1 25.4 1 . 7  
40 27.6 
5 21.6 f -::: 

2 21.8 1 -5.5 

21 32.4 

5 30.4 -0.4 
20 30.8 -0.8 

1 32.4 36.7 4.3 
6 41.3 

11 36.4 1 -,":4' 
2 39.3 -2.6 
3 31.9 
1 39.6 

10 40.7 

-1.0 
21 4 .6  

3.4 
12 40.2 3.9 
12 39.2 4.9 
16 50.3 49.4 -1.0 
5 65.5 3.9 

25 42.0 7.3 
1 51.9 

35 51.7 
1 48.3 1.Q 
1 50.3 52.2 1.8 
2 54.2 -2 .1  

10 50.8 
6 51.9 
2 51.7 
1 53.6 -1.4 

70 54.2 -2.1 
1 53.9 55 
1 57.8 

15 59.1 
20 50.8 
7 60.5 
2 55.6 
7 52.2 
1 59.9 
1 53.6 
2 57.1 
1 55.7 

30 54.2 

1.0 
-2.9 
-4.1 
4.2 

-5.5 
0.7 
2 . 8  

-5.0 
1.4 

-2.2 
-0.7 
0.7 

7 3  



T a b l e  3 .  (continued) 

+ " 

" 

C3 -Naphthalene 
Pyrene 
C1 -Phenanthrene 
Phenylnaphthalene 
C, -Fluorene 
C2 -Fluorene 
C2 -Biphenyl 
Dihydropyrene 
C1 -Phenanthrene 
C1 -Dihydrophenanthrene 
C2 -Acenaphthene 
C1 -Bemindan 
C3 -Biphenyl 
Tetrahydrophenanthrene 
Acephenanthrene 
Cr -Naphthalene 
C2-Tetralin 
C1 -Dihydrophenanthrene 
C2 -Fluorene 
C 1  -Tetrahydroacenaphthene 
C, -Fluoranthene 
Cs -Carbazole 
CI -Phenanthrene 
Tetrahydropyrene 
CS -Biphenyl 
Cz-Acenaphthene 
Tetrahydrofluoranthene 
C1 -Bemindan 
Cs -Naphthalene 
C2-Phenanthrene 
C1 -Pyrene 
Chrysene 
Acephenanthrene 
Tetrahydrocyclopenta (d,e,f) 
Phenanthrene 

C2-Fluorene 
C1 -Bemindan 
C2-Dihydrophenanthrene 
C, -Phenanthrene 
C1 -Dihydropyrene 
C1 -Pyrene 
Chrysene 
CI-Tetrahydrophenanthrene 
C2 -Bemindan 
Tetrahydrocyclopenta (d,e,f) 
Phenanthrene 

Cu - i i i p i i e u y i  
C,-Fluorene 
Cz-Dihydrophenanthrene 
Ci -Pyrene 
CZ -Phenanthrene 
C1-Tetrahydropyrene 
CI -Chrysene 
Cz -Fluoranthene 

2 
28 
38 
6 
3 
8 
5 

33 
9 
5 
7 
3 
1 

21 
9 
3 
1 
8 
6 
1 
1 
1 
1 
1 
4 

22 
1 

13 

1 
31 
24 
3 
3 
1 

11 
5 
4 

23 
12 
30 

1 
1 
3 
7 

" 
4 
1 

40 
20 
4 
1 
4 

59.1 
59.9 
60.5 
57.0 
50.8 
59.6 
55.7 

65.5 
60.5 
60.6 
63.0 
63.0 
64.4 

64.1 
64.4 
67.9 
62.7 
60.6 
59.6 
66.6 
61.0 
65.9 
60.5 
65.6 
64.4 
63.0 
64.6 
63.0 

67.9 
69.3 
68.7 
70.6 
64.4 
68.0 

59.6 
63.0 
69.4 

69.3 
74.2 
68.7 
70.6 
72.9 
71.8 
68 .O 

-- - 
I > . L  

68.4 
69.4 

68 .7  
69.3 
74.4 
79 .4 
69.4 

.11 
* O 1 1  

6: 

6! 

70.6 

? 

1 

-0 .7  
-1.6 
-2.1 

1.3 
7.6 

-1.2 
2.7 

-4.8 
0.2 
0.0 

-2.4 
-2.4 
-3.8 

-1.2 
-1.5 
-4.9 
0 .2  
2.3 
3.3 

-3.7 
2.0 

-3.0 
2.4 

-2.7 
-1.5 
-0.1 
-1.6 
-0.1 

-1.4 
-2.8 
-2.2 
-4.2 
2.1 

-1.5 

6.9 
3.5 

-2.9 

-0.1 
-5.1 
0.4 

-1.5 
-3.7 
-2.7 

1.1 

-4 .  i 
0.8 

-0.3 

1.9 
1 .3  

-3.8 
-8.8 
0.9 
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T a b l e  3 .  (continued) 

19 

7 

20 

21 I 
'i 
' i 

1 
' i  
25 

26 + 
27 

28 

5 . 5  

T 

7 . 6  

3 . 0  I 
' i l  
' i 7  
I 

3 .0  

6 . 5  + 
10 .2  

1 1 . 0  

Cs-Tetralin 
C5 -Naphthalene 
CJ -Phenanthrene 
C2 -Pyrene 
C1 -Dihydropyrene 
Cp-Phenylnaphthalene 
C2-Tetrahydroacenaphthene 
C1-Tetrahydrobenzindan 
C2-Tetrahydrophenanthrene 
CJ-Acenaphthene 
Octahydrophenanthrene 
C5-Naphthalene 
CJ-Phenanthrene 
C2 -Pyrene 
C1-Chrysene 
Benzpyrene 
C2-Dihydropyrene 
C1 -Dihydropyrene 
Cr-Acenaphthene 
CZ-Tetrahydrophenanthrene 

Tetrahydrochrysene 
Ck-Chrysene 
Benzpyrene 
C6-Naphthalene 
CJ-Phenanthrene 
C4 -Tetralin 
Dihydrobenzpyrene 
Cr-Phenanthrene 
C3 -Pyrene 
C2-Chrysene 
Benzchrysene 
C3 -Pyrene 
C4-Phenanthrene 

Cg -Tetralin 
CI-Octahydrophenanthrene 
Cs-Phenanthrene 
c6 -Tetralin 
C6-Tetralin 
CJ-Octahydrophenanthrene 
Cs-Phenanthrene 
C,-Pyrene 

Cg -Phenanthrene 
C5-Pyrene 
No Components Identified 
Alkanes and Naphthenes 

1 71.5 73 
4 76.6 
8 78 .0  
1 77.5 
8 74.2 
1 74.6 
1 75.4 

72.9 
75.4 
71 .8  

8 2 .4  
-2 .8 
-4 .2 
-3.7 
-0.4 
-0.8 
-1.5 

1 .0  
-1.6 

2 .1  

1 76.5 79 .0  2 . 6  
4 76.6 2.4 

15 78.0 1 .o 
14 77.5 1.5 

2 7 9 . 4  - 0 . 4  
1 78.9 -0.1 

93  .o -4.0 
7 74.2 4 . 8  

80.6 -1.5 
a i  .6 T -2 .6 

5 83.0 8 3 .  
8 79.4 
1 78.9 
1 85.4 

14 78.0 
1 80.2 
1 84.4 I 7 0.7 

4 . 3  
4 . 8  

-1.7 
5,7 
3 .5  

-0.7 

21 86.8 8 7 . 1  0 . 3  
11  8 6 . 3  0 .8 

1 89.6 90 i4  34:~ 0.8  
19 86 .3  
8 86.8 

8 89 .0  5 . 4  
9.2 

-1 .2 
2 97.8 -3.4 

5 .o 
11  95 .6  3.5 

7 95 .0  4 .O 

2 104.4 106.6 2 .3  
11  103.8 + 2.8 

2 88.2 1 - 1 . 1  
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Figure 1 .  RF'LC of Wilsonville Hydro I1 SRC-I Solvent 
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Figure 2 .  WLC of H-Coal Hydroclone Overflow D i s t i l l a t e  (Period 20 - PDU Run 9) 
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A COMPUTERIZED DATA REDUCTION SYSTEM FOR TABULATING DATA 
FROM GC RUNS AND CORRELATING CHANGES I N  PRODUCT COMPOSITION 

WITH PROCESS CONDITIONS OR MUTAGENICITY 

by 

Leo A. Raphaelian 
Argonne Nat ional  Laboratory 

9700 South Cass Avenue 
Argonne, I l l i n o i s  60439 

Even with t h e  s o p h i s t i c a t e d  a n a l y t i c a l  instrumentat ion p r e s e n t l y  
a v a i l a b l e ,  a complete and exhaust ive a n a l y s i s  of t h e  organics  i n  energy o r  
environmental samples is not  only time-consuming but  a l s o  d i f f i c u l t  due t o  
the  complexity of such samples. General ly ,  when organic  a n a l y t i c a l  a n a l y s i s  
is done on a number of samples, a GC/MS is  run  on each and every sample and, 
f o r  q u a n t i f i c a t i o n ,  the  peak a r e a  of each peak i n  the  GC/MS t o t a l  ion chromat- 
ogram o r  i n  a corresponding GC chromatogram i s  determined and compared t o  
peak a r e a s  der ived from s tandards .  
cumbersome and t i m e  consuming, t y p i c a l l y  only a few of t h e  more important  
analyses  a r e  performed. 
could be done by GC/MS and d a t a  of  a "s tandard representa t ive"  sample devel-  
oped, then many samples could be done "rapidly" wi th  a GC ( r a t h e r  than wi th  a 
GC/MS) and a d a t a  system provided the  samples were s i m i l a r  t o  the  "s tandard 
representa t ive"  sample. 

Since t h e  a n a l y s i s  of GC/MS d a t a  i s  

I f  t h e  a n a l y s i s  of one o r  more r e p r e s e n t a t i v e  samples 

In t h i s  s tudy,  sof tware was developed t o  c a r r y  o u t ,  with t h e  a s s i s t a n c e  
of a computerized d a t a  system, the  rap id  a n a l y s i s  of a series of samples 
conta in ing  complex mixtures  of organic  compounds. One of t h e  samples t o  be 
analyzed was chosen a s  a s tandard o r  re ference  sample. With c a p i l l a r y  column 
GC/MS, i t  was analyzed exhaus t ive ly  and i d e n t i f i c a t i o n  versus  r e t e n t i o n  t i m e  
da ta  were s tored  i n  the d a t a  system. To t h i s  re ference  sample d a t a ,  i d e n t i -  
f i c a t i o n  versus  r e t e n t i o n  t i m e  d a t a  from c a p i l l a r y  column GC/MS runs  on o ther  
re ference  samples o r  s tandard mixtures  was added t o  make up a "super" re ference  
sample of i d e n t i f i c a t i o n  versus  r e t e n t i o n  t i m e  d a t a .  Now, a l l  samples t o  be 
analyzed were compared t o  t h i s  re ference  sample. However, i n  p l a c e  of GC/MS, 
c a p i l l a r y  column GC w a s  used and r e t e n t i o n  t i m e  and peak area d a t a  were auto-  
mat ica l ly  t r a n s f e r r e d  from t h e  GC t o  t h e  d a t a  system. The d a t a  system then 
c a r r i e d  o u t  those tasks  t y p i c a l l y  done by t h e  a n a l y s t ,  t h a t  i s ,  t h e  complex 
s o r t i n g  and matching of GC peaks, t h e  t a b u l a t i o n  and recording of the  i d e n t i -  
f i c a t i o n  of t h e  compounds p r e s e n t ,  t h e  c a l c u l a t i o n  and recording of  the  con- 
c e n t r a t i o n ,  and t h e  presenta t ion  of c h a r t s  and t a b l e s  f o r  comparing the  d a t a  
from s e v e r a l  samples. 

The sof tware inc ludes  programs f o r  matching t h e  d a t a  f o r  s e v e r a l  GC 
runs,  a d j u s t i n g  f o r  d i l u t i o n  f a c t o r s  and response f a c t o r s ,  compensating f o r  
d r i f t  i n  r e t e n t i o n  time, mul t ip ly ing  i n  f a c t o r s  f o r  present ing  t a b l e s  of 
concent ra t ion  i n  ppb, %, ug/L, e t c . ,  and doing regress ion  a n a l y s i s  on t h e  
v a r i a t i o n  i n  product  composition as a func t ion  of such v a r i a b l e s  as process  
condi t ions  o r  on t h e  v a r i a t i o n  i n  mutagenici ty  as a func t ion  of product  
composition. 
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Representa t ive  output  of the  d a t a  system is  shown i n  Tables  1 and 2. 
In Table 1, the  i d e n t i f i c a t i o n ,  amount ( i n  grams of compound per  100 cubic  
f e e t  of LTR gas) ,  and t o t a l  f o r  the  t h r e e  samples a r e  tabula ted .  In Table 2 ,  
t h e  t o t a l s  f o r  f i v e  samples (from f i f t e e n  samples) are shown. The matching 
of peaks, i d e n t i f i c a t i o n ,  determinat ion of concent ra t ion ,  t o t a l i n g  of more 
than  one sample, and t a b u l a t i o n  a r e  e a s i l y  and r a p i d l y  done by t h e  d a t a  
system. 
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A COMPUTERIZED DATA REDUCTION SYSTEM FOR TABULATING DATA FROM GC RUNS AND CORRELA- 
T I N G  CHANGES I N  PRODUCT COMPOSITION WITH PROCESS CONDITIONS OR MUTAGENICITY, Leo A.  

Raphaelian, Argonne Nat ional  Laboratory, 9700 S.  Cass Ave., Argonne. IL 60439. 

p l e t e  and exhaust ive a n a l y s i s  of t h e  organics  in energy o r  environmental samples is not  
only time-consuming but  a l s o  d i f f i c u l t  due t o  t h e  complexity of such samples. 
one is i n t e r e s t e d  in such s p e c i f i c  t a s k s  a s  i d e n t i f y i n g  and quant i fying t h e  major com- 
ponents or determining t h e  PNAs present  o r  determining which component o r  components in 
a f r a c t i o n  are causing mutagenicity. 

t h e  rapid a n a l y s i s  of  t h e  major components of a complex mixture  of organic compounds. 
With t h e  sof tware,  one can a l s o  present  data  from s e v e r a l  runs i n  a t a b l e  in a v a r i e t y  
of forms (%, ppb, ug/L, area counts ,  e tc . ) ,  that is u s e f u l  f o r  making comparisons. 
Moreover, statistical a n a l y s i s  of t h e  data  can  be performed such a s  regress ion  a n a l y s i s  
on t h e  v a r i a t i o n  i n  product composition as a func t ion  of such v a r i a b l e s  as process  
condi t ions o r  on t h e  v a r i a t i o n  in mutagenicity as a func t ion  of product composition. 
Such manipulations and presenta t ions  of d a t a  are rap id ly  handled by t h e  da ta  s y s t e m .  

A o u t l i n e  i s  presented of t h e  sof tware required f o r  performing t h e  matching of d a t a  
from s e v e r a l  GC runs; doing t h e  adjustments f o r  d i l u t i o n  f a c t o r s ,  response f a c t o r s ,  
re ten t ion  t ime d r i f t ,  etc., mul t ip ly ing  in f a c t o r s  f o r  present ing d a t a  in ppb, %, pg/L. 
etc . .  and doing regress ion  a n a l y s i s  on t h e  data from severa l  runs.  
sented t o  demonstrate t h e  performance of t h e  data  reduct ion system. 

Even wi th  the s o p h i s t i c a t e d  a n a l y t i c a l  instrumentat ion present ly  a v a i l a b l e ,  a com- 

More often, 

I n  t h i s  s tudy,  sof tware w a s  developed t o  car ry  o u t ,  with a computerized d a t a  system, 

Data w i l l  be pre- 
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LIQUID CHROMClTOGRAPHIC CLASS SEPARATION AND HIGH RESOLUTION GAS CHROMATOGRAPHY 
OF SHALE OIL POLAR COMPOUNDS 

Peter  C. Uden, Raymond J. Crowley, W i l l i a m  F. Joyce and Sidney Siggia  

Department of Chemistry, GRC TWRA, Universi ty  o f  Massachusetts, Amherst, MA 01003 

The l a r g e s t  reserves  of f o s s i l  f x e l s  i n  t h e  United S ta tes  l i e  i n  coal  and o i l  
shale .  Yen (1) has est imated t h e  United S t a t e s  petroleum reserves  from sha le  i n  t h e  
Green River Formation ( loca ted  i n  Colorado, Utah and Wyoming) t o  be some GOO b i l l i o n  
b a r r e l s .  
raw shale .  
commercial amounts upon pyro lys i s .  The major organic  component o f  shale  i s  known as  
'Kerogen' which i s  a high molecular weight macromolecuiar mater ia l  t h a t  i s  insoluble  
i n  most organic  so lvents .  
pera tures  ca .  5OO0C i n  a process  known a s  ' r e t o r t i n g . '  The high temperatures cause 
breakdown of t h e  macromolecular kerogen i n t o  smaller  organic  molecules, producing 
o i l .  

This f i g u r e  i s  based on an o i l  y i e l d  of 25-100 gal lons of  o i l  per  t o n  of 
O i l  sha le  has been broadly defined as any shallow rock y i e l d i n g  o i l  i n  

Shale  o i l  i s  generated when r a w  shale  i s  heated t o  tem- 

The organic  content  of o i l  s h a l e s ,  and t h e  subsequent amount of o i l  produced, 
If it i s  dependent upon t h e  source of t h e  o r i g i n a l  organic precursor  species  ( 2 ) .  

i s  from a t e r r e s t r i a l  source t h e  kerogen formed w i l l  be c lose ly  r e l a t e d  t o  coal  and 
w i l l  y i e l d  very l i t t l e  o i l  upon pyro lys i s .  
t h e  Chattanooga s h a l e s  of t h e  Tennessee-Georgia a r e a  which y i e l d  only about 10 gal- 
lons per t o n  upon pyro lys i s .  If,  however, t h e  kerogen was formed from organic  mat ter  
i n  a marine o r  l a c u s t r i n e  environment, t h e  sha le  w i l l  y i e l d  s u b s t a n t i a l  amounts o f  
o i l .  Shale of t h i s  o r i g i n  i s  t y p i c a l  of t h e  Green River sha les  which may y i e l d  25- 
100 gal lons of  o i l  p e r  ton.  A second source of  organic  substances i n  sha le  a r e  t h e  
bitumens. These a r e  def ined a s  t h e  ex t rac tab le  organic  mater ia l  o r i g i n a l l y  present  
i n  t h e  rock. One-three percent  of t h e  organic  content of  Green River sha le  i s  pre- 
s e n t  as bitumens. Important differences i n  chemical composition e x i s t  between crude 
s h a l e  oils and t y p i c a l  petroleum crudes;  f o r  example i n  t h e  high o l e f i n  content  o f  
middle d i s t i l l a t e s  f o r  t h e  former (30 - 50%) with ni t rogen content i n  t h e  1.8 - 2,.l% 
range,  in  cont ras t  t o  t h e  0.3 - 0.4% range of na tura l  crudes. 

An example of  t h i s  type o f  depos i t  i s  i n  

To d a t e ,  no large sca le  r e t o r t  has been b u i l t  i n  t h e  United S t a t e s ;  t h e  only 
However, with t h e  world 's  dwindling production has been from small p i l o t  p l a n t s .  

petroleum reserves  t h e  prospects  f o r  development of  t h i s  resource now seem favorable. 
Development m u s t  t a k e  place i n  t h e  areas  of mining of  t h e  raw s h a l e ,  production of  
t h e  o i l ,  d isposal  o f  t h e  spent s h a l e ,  and r e f i n i n g  of t h e  crude sha le  o i l .  The de- 
velopment of  new a n a l y t i c a l  techniques t o  charac te r ize  and evaluate  each s t e p  i n  t h e  
production of t h e  o i l  i s  a l s o  needed. In  terms of  r e f i n i n g  operat ions a c a r e f u l  
monitoring of t h e  n i t rogen  and oxygen containing compounds i s  needed. In general .  
sha le  o i l  must be modified by hydro t rea t ing  o r  some o ther  process t o  make it suit- 
ab le  for  re f in ing .  Without d e t a i l e d  charac te r iza t ion  of t h e  hydrocarbons and het- 
erocompounds at  each s t e p  of t h e  process it is not possible  t o  determine the  prob- 
ab le  or ig in  of hydrocarbons i n  t h e  f i n a l  product. 
s t a d p o i n t  monitoring of organic  m d  ino-rganic :omponents i n  both t h e  raw crude and 
t h e  spent s h a l e  i s  v i t a l .  
due t o  the  d i v e r s i t y  o f  compound types and f u n c t i o n a l i t i e s  present .  
UIIFIS I* a ~icoir i o  cieveiop new anaLyticaL techniques which quant i ta te  sha le  o i l  by 
chemical compound c l a s s  and i n  terms of  each compound indiv idua l ly .  

Also, from an environmen593. 

Shale  o i l  a l s o  has p o t e n t i a l  as a petrochemical source 
As a r e s u l t  

L 7 . - - . .  . 

Crude o i l s  genera l ly  comprise four  chemical compound c lasses  : ( i )  asphal tenes  
(hexane inso lubles ) ;  (ii) alkanes/alkenes;  ( i i i )  aromatics;  and ( iv!  po lars  (N-  and 
0-containing compounds. Extensive separatiorl schemes f o r  petroleum have been 
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reported i n  t h e  l i t e r a t u r e  (3 ,4) .  These separat ions general ly  deal  with d i s t i l l a t e  
f rac t ions  which a r e  important t o  product charac te r iza t ion .  The scheme t h a t  is most 
widely employed f o r  t h e  c l a s s  separat ion of crudes i s  the  ASTM Clay-Gel Adsorption 
Chromatographic Method ( 5 ) .  However, the  majori ty  o f  t h e  methods repor ted  f o r  t h e  
ana lys i s  of petroleum a r e  unsa t i s fac tory  for  samples containing o l e f i n i c  unsatura- 
t i o n  or  non-hydrocarbon mater ia l  (N- and 0-containing compounds), and s i n c e  sha le  
o i l  has  a high concentrat ion of both these  c lasses  e i t h e r  modif icat ions o r  e x i s t i n g  
techniques o r  t h e  development of new techniques i s  required.  

Numerous separat ion schemes have been reported i n  t h e  l i t e r a t u r e  f o r  t h e  al- 
kane/alkene, aromatic, and polar  f r a c t i o n s  of shale  o i l  which r e l y  on conventional 
grav i ty  columns packed with s i l i c a  or  alumina or  on solvent /solvent  ex t rac t ions  
but these methods a r e  both time consuming and i n e f f i c i e n t .  An i d e a l  separa t ion  
scheme should have t h e  following proper t ies :  ( i )  it should be rap id  and h ighly  e f f i -  
c i e n t ;  ( i i)  it should require  minimal sample prepara t ion ;  (iii) it should cons is t  
of a minimal number o f  s t e p s ;  and ( i v )  it should be reproducible .  
pressure l i q u i d  chromatography on micropart iculate  bonded s t a t i o n a r y  phases meets 
t h e  c r i t e r i a  noted above. 
ana lys i s  on petroleum d i s t i l l a t e  f r a c t i o n s  by HPLC on 
aromatic f r a c t i o n s  were e l u t e d  with hexane while t h e  polar  f r a c t i o n  was e l u t e d  with 
methylene chlor ide.  Dark e t  al. ( 7 )  employed preparat ive BPLC t o  eva lua te  a hydro- 
t - ez tea  coal  l iquefac t ion  aromatic f r a c t i o n  by r ing  number. In our  s tudy,  sha le  o i l  
from d i f f e r e n t  r e t o r t i n g  processes has heen resolved i n t c  ind iv idua l  chemical com- 
pound c lasses  by KPLC using preparat ive columns packed with 
ii) amino-bonded s t a t i o n a r y  phases. 
fur ther  character ized by high reso lu t ion  gas chromatography and by a n a l y t i c a l  HPLC. 
GC detec t ion  w a s  by ni t rogen s p e c i f i c i t y ,  W absorpt ion 

Experimental 

to ry  Data Control - Constametric I and I1 G pumps and 1601 gradient  former ) ,  with 
preparat ive (20 w) bonded cyano (LC-8) and bonded amino 
(LC-9) (Johns Manville Corp.). W detec t ion  was employed. Gas chromatography w a s  
car r ied  out on Varian Model 3700 and 2760 instruments using fused s i l i c a  o r  g l a s s  
wall-coated c a p i l l a r y  columns. GC-MS was performed on a Hewlett-Packard 5985A 
mass spectrometer system. Shale o i l  samples were obtained from The O i l  Shale  Cor- 
porat ion (TOSCO I1 above ground r e t o r t ) ,  t h e  Paraho pro jec t  and a modified In S i t u  
process (DOE, Laramie, Wyoming). Samples were pre- t rea ted  before  l i q u i d  chromato- 
graphy by d isso lu t ion  i n  hexane, f i l t r a t i o n  of  asphal tenes  and removal o f  hexane 
p r i o r  t o  i n j e c t i o n .  

Prepara t ive  high 

Suantoni e t  al . ( 6 )  performed hydrocarbon group type  
S a t u r a t e  and p-Porasil.  

i )  cyano-bonded and 
Following t.he separa t ions ,  each f r a c t i o n  was 

and mass spectrometry. 

Analyt ical  and prepara t ive  HPLC was car r ied  out with a grad ien t  system (Labora- 

pm) and a n a l y t i c a l  (10 

Results and Discussion 

The chromatographic conhitions f o r  t h e  sha le  o i l  c l a s s  separa t ion  u t i l i z i n g  
the  cyano-bonded LC-8 column have been reported ( 8 ) .  
e lu t ion  was followed by an exponential gradient  t o  100% n-butanol. !Fhe o v e r a l l  
c lass  e l u t i o n  sequence was i )  alkanes/alkenes,  ii) aromatics, and iii) polar  
compounds. 
ane efter e l u t i o n  of  o i l  samples. 

In  general  i s o c r a t i c  hexane 

A 20 pm preparat ive column could be r e a d i l y  re -equi l ibra ted  with hex- 

Gas chromatography of alkaneralkene f r a c t i o n s ,  c a r r i e d  out  on a 25 meter SP- 
2100 200 um bore fused s i l i c a  column (Hewlett Packard), c l e a r l y  exhib i ted  
t e r i s t i c  homologous hydrocarbon s e r i e s  from C 1 o  - C29 ( 8 ) .  
a t  each carbon number sequenced 1-alkenes and n-alkanes, alkene content f o r  MSCO I1 
o i l  being much g r e a t e r  than i n  Paraho o r  In  S i t u  o i l s .  

charac- 
Prominent doublets  seen 

Aromatic f r a c t i o n s  were chromatographed on t h e  same fused s i l i c a  column a n d  
a lso on a g l a s s  Carbowax 20 M w a l l  coated c a p i l l a r y  column ( 8 ) .  Figure 1 shows 
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a comparison of t h e  aromatic  f rac t ion  of TOSCO I1 o i l  from t h e  cyano-bonded column 
with a number of aromatic s tandards ,  obtained on t h e  SP 2100 fused s i l i c a  column 
from which systems of up t o  5 r i n g s  may be eluted.  
d i scern ib le  on t h i s  f r a c t i o n  and a minimum of 95% reso lu t ion  of t h e  aromatic f rac-  
t i o n  i s  apparent. 

N o  alkane/alkene p a t t e r n  is  

Carbowax 20M was t h e  p r e f e r r e d  phase for  t h e  general  charac te r iza t ion  of  t h e  
p o l a r  KPLC f r a c t i o n .  
proves helpful i n  determining t h e  ni t rogen content of t h i s  f rac t ion  and a t y p i c a l  
dual detector  chromatogram i s  shown i n  Figure 2 for Paraho shale  o i l .  The n i t ro-  
gen species  a r e  pr imar i ly  he te rocycl ic  compounds with a maximal concentrat ion i n  
t h e  3-4 r ing a rea ,  a t  a somewhat higher  molecular weight range than TOSCO I1 o r  In  
S i t u .  The ni t rogen content  of t h e  three  o i l s  decreases i n  t h e  order  Paraho > TOSCO 
I1 > In  S i t u ,  a s  shown both by microanalysis and TSD peak envelope a reas .  The In  
S i t u  o i l  has t h e  lowest ni t rogen content of t h e  o i l s ,  a t t r i b u t a b l e  t o  t h e  high de- 
gree of coking losses  present  i n  t h i s  r e t o r t  process. The l a r g e r  shale  blocks hea t  
slowly, causing low e f f e c t i v e  r e t o r t i n g  temperatures and a s  a r e s u l t  extensive 
l i q u i d  phase polymerization occurs .  Since t h e  N-compounds s e l e c t i v e l y  condense 
and polymerize they  a r e  i n  e f f e c t  removed from t h e  o i l .  

A nit rogen s p e c i f i c  non-flame thermionic de tec tor  (TSD) 

I d e n t i f i c a t i o n  of  compounds by GC a lone r e l i e s  on t h e  reso lu t ion  of t h e  columns 
and t h e  a b i l i t y  t o  match r e t e n t i o n  times aga ins t  s tandards.  For f u l l  i d e n t i f i c a t i o n  
and charac te r iza t ion  GC-mass spectrometer in te r fac ing  has great  advantages par t icu-  
l a r l y  i n  a f i e l d  as complex as  petroleum analys is  where it has been heavi ly  used 
( 9  ,lo). To i l l u s t r a t e  t h e  u t i l i t y  of c a p i l l a r y  gas chromatography/mass spectro- 
metry with s e l e c t i v e  i o n  monitoring i n  charac te r iza t ion  of  sha le  o i l  c lasses  re- 
solved by t h e  prepara t ive  HPLC procedures, two t y p i c a l  analyses a re  presented.  
Capi l lary GC was performed on an OV-101 WCOT fused s i l i c a  column (19 meter x 200 
micron i . d . ,  Quadrex), t h e  c a p i l l a r y  being connected d i r e c t l y  t o  t h e  ion source o f  
t h e  mass spectrometer v i a  a Pt/Ir t r a n s f e r  l i n e .  
l e s s  i n j e c t i o n  with 1 ml/minute helium c a r r i e r  gas flow. Mass s p e c t r a l  scans were 
at 70 eV e lec t ron  impact i o n i z a t i o n  vol tage ,  being recorded between 50-350 AMU at 
a scan ra te  of  128.6 M / s e c .  

Sample introduct ion was by s p l i t -  

Shale o i l  aromatic f r a c t i o n s  in  general  show predominantly alkyl s u b s t i t u t e d  
benzenes, naphthalenes,  indans and t e t r a l i n s .  Alkylbenzenes a re  character ized by 
a s e r i e s  of ions  corresponding t o  masses with an empir ical  formula C6H5CnH2,+1 
( 7 7 ,  91, 105, 119,  133, 147,  161 ,  e t c . ) .  
s p e c t r a  correspond t o  t h e  rupture  of t h e  benzyl ic  bond of  t h e  l a r g e s t  a l k y l  group. 
This cleavage produces t h e  c h a r a c t e r i s t i c  C7H7+,tropylium ion  i n  t h e  case of  phe- 
ny la lkyls  or ions of h igher  mass/charge r a t l o s  In  t h e  case of  polyalkylbenzenes. 
Total  ion current  and s p e c i f i c  i o n  de tec t ion  chromatograms a r e  shown i n  Figure 3 
where C 4 ,  C5 and C 6  s u b s t i t u t e d  a l k y l  benzenes a r e  character ized a t  m/e 133, 147 ,  
and 161 respect ively.  
aromatic f r a c t i o n  a re  thiophenes,  which a r e  character ized by a s e r i e s  of  .ions cor- 
responding t o  masses o f  empir ical  formulaC4H3SCnH2 
t o t a l  ion and s e l e c t i v e  ion chromatogram for t h i s  cyass i s  shown i n  Figure 4 .  

The most c h a r a c t e r i s t i c  ions i n  t h e s e  

An important c l a s s  of compounds which co-elute with t h e  

( 8 3 ,  97, lll, 125, e tc .9 .  m e  

The t o t a l  polar HPLC f r a c t i o n  is t o o  complex f o r  d i r e c t  ana lys i s  by G C - E .  The 
polars  are normally f u r t h e r  separated by ion  exchange chromatography o r  acid/base 
ex t rac t ion  which, however p a r t i a l l y  degrades t h e  sample b y ,  f o r  example, polymer- 
i z a t i o n  of t h e  pyr ro les .  Resolution of t h e  polars  i n t o  a c i d i c ,  neut ra l  and bas ic  
f r a c t i o n s  by HPLC has n o t  been reoorted.  
phase shale  o i l  has  been separa ted  i n t o  four  chemical c lasses .  An a n a l y t i c a l  and 
preparat ive amino-bondeL LC-9 c o l m  m r e  washed once with two column v d m e s  of  
l.% phosphoric acid i n  water  and then reequi l ibra ted  t o  hexane. The chromatographic 
conditions were i s o c r a t i c  e l u t i o n  with hexane, a s t e p  gradient  t o  5% a c e t i c  a c i d  i n  

Using a modified amino bnnded nt .nt . innaT 

I 
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hexane followed by an exponent ia l  gradient  t o  100% isopropanol. The o v e r a l l  c l a s s  
e l u t i o n  sequence was i )  alkanes/alkenes/ l - r ing aromatics, ii) polynuclear  aroma- 
t i c s ,  iii) ac id ics /neut ra l  ni t rogen compounds, i v )  bas ic  n i t rogen  compounds. 

Figure 5 shows a chromatogram of  I n  S i t u  s h a l e  o i l  on an a n a l y t i c a l  amino- 
bonded column. 
graphed on a 10 meter SE-30 wide bore (300 micron i . d . )  fused s i l i c a  column ( A - 
obtained by ac id  ex t rac t ion ,  B - obtained by prepara t ive  HPLC. 
chromatograms show t h e  same pa t te rn  except for  some i n i t i a l l y  lower r e l a t i v e  peak 
heights  in  A due t o  evaporation losses .  Above 1 4 O o C  curve A shows much lower r e l a -  
t i v e  amounts of compounds due presumably t o  inef f ic iency  of  a c i d  ex t rac t ion  of t h e  
higher molecular weight b a s i c  ni t rogen compounds. 
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A - Naphthalene 

B - Acenaphthene 
c - Fluorene 

D - Anthracene 

I 1 I I I 1 I 
75 100 125 150 175 200 225 Temp. 'c 

Figure 1. SP 2100 fused s i l i c a  c a p i l l a r y  chromatograms; TOSCO aromatic f r a c t i o n .  

I I I 1 I I I 

Nitrogen Detector  

I I I 
A 

I 
50 75 100 l h 5  150 17; 200 Temp. ' C 

Polar f r a c t i o n  on Carbowax 20M g l a s s  WCOT column. 
Simultaneous flame i o n i z a t i o n  and ni t rogen s p e c i f i c  de tec t ion  of Paraho Figure 2. 

I 
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TOSCO RRORRTIC FRDCTIOH 

CI-RLKYLBEHZEHES 

t4-RLKYLBEHZEHES 

Figure 3 .  Tosco aromatic f r ac t ion ;  t o t a l  ion current  and s e l e c t i v e  ion chromatograms. 
C4, C and C6 a l k y l  benzenes at  m/e 133, 147 and 161. 5 
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n 

A Acid. extraction 

75 100 125 150 175 Z W  

B Preparative HPLC 

7'5 d o  12'5 i<o 1+5 zbo 
Figure 5. Chromatogram of 4 pl of In S i tu  

shale o i l  ( 5% in n-hexane ) on 10 micron 
IC-9 amino-bonded WLC column. Solvents: 
A - n-hexane; B - 9 ace t ic  acid/n-hexane 
C - isopropanol. 

Figure 6. In  S i tu  shale o i l  bases on a 

A - acid 
10 meter SE 30 fused s i l i c a  column 
( 300 micron i , d .  ) 
extraction; B - preparative HPLC. 
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CHROMATOGRAPHIC SEPARATION OF FUNCTIONAL GROUP CLASSES 
FROM PROCESS D E R I V E D  RECYCLE SOLVENTS 

by 
G. A. Odoerfer,  L .  R. Rudnick and D. 0. Whi tehurs t  

Mob i l  Research and Development Corpora t ion ,  Cent ra l  Research D i v i s i o n  
P.O. Box 1025, Pr ince ton ,  New Jersey  08540 

INTRODUCTION 

To g a i n  a more thorough understanding o f  t h e  chemis t ry  o f  c o a l - s o l v e n t  

i n t e r a c t i o n  i n  coa l  l i q u e f a c t i o n  and t o  e f f e c t i v e l y  u t i l i z e  a s o l v e n t  f o r  

t h i s  process, d e t a i l e d  i n f o r m a t i o n  on t h e  chemical compos i t ion  o f  t h e  

r e c y c l e  s o l v e n t  i s  needed. 

The s o l v e n t ,  t o  be termed a good s o l v e n t ,  must have f o u r  c r i t i c a l  

q u a l i t i e s :  i t  must ( 1 )  be a b l e  t o  donate hydrogen t o  the  coal  and/or 

a c t  as a hydrogen t r a n s f e r  agent; ( 2 )  f u n c t i o n  as a p h y s i c a l  s o l v e n t ;  ( 3 )  

p revent  char fo rmat ion ;  and ( 4 )  be c h e m i c a l l y  s t a b l e  and be r e v e r s i b l y  

regenerab le  t o  i t s  hydrogen donor form. To i d e n t i f y  and q u a n t i t a t i v e l y  

assess the chemical s t r u c t u r e s  r e s p o n s i b l e  f o r  these a c t i o n s  a chemical 

c h a r a c t e r i z a t i o n  method f o r  s o l v e n t s  has been developed. 

The development and u t i l i z a t i o n  o f  t h i s  method f o r  separa t ion  o f  a 

coal  d e r i v e d  s o l v e n t  i n  terms o f  d i f f e r e n t  chemical f u n c t i o n a l i t i e s  was 

our p r imary  o b j e c t i v e  i n  t h i s  s tudy .  

Recycle, i s  an example o f  a s o l v e n t  c u r r e n t l y  u t i l i z e d  i n  coal  l i q u e f a c t i o n  

s t u d i e s .  

BACKGROUND 

The s o l v e n t  used, Hydrogenated SRC-1 

Several  l i q u i d  chromatographic techniques can be found i n  the  l i t e r a t u r e  

which p o t e n t i a l l y  c o u l d  be used f o r  c h a r a c t e r i z a t i o n  o f  s o l v e n t  range 

coal  l i q u i d s .  
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I n i t i a l l y ,  one such method, the  SESC chromatographic procedure (1,2) 

was employed. T h i s  method, based on chromatographic f r a c t i o n a t i o n  by 

sequen t ia l  e l u t i o n  w i t h  s p e c i f i c  so l ven ts  on s i l i c a  gel columns, a l t hough  

y i e l d i n g  a good overv iew o f  the chemical f u n c t i o n a l i t i e s  present  i n  the  

samples does n o t  g i v e  f i n e  separa t i on  o f  hydrocarbons. Th is  l e d  t o  t h e  

development o f  t he  l i q u i d  chromatographic technique (RSEIC) ( 3 ) ,  u t i l i z e d  

by us, f o r  t he  p a s t  two yea rs ,  i n  the  f r a c t i o n a t i o n  o f  coa l  d e r i v e d  

so l ven ts  p r i n c i p a l l y  o f  SRC o r i g i n .  

I n  t h e  i n i t i a l  p o r t i o n  o f  t h i s  technique, s i m i l a r  t o  the  SARA p ro -  

cedure developed f o r  pet ro leum 1 i q u i d s  ( 4 ) ,  f r a c t i o n a t i o n  i s  performed 

by sequent ia l  e l u t i o n  l i q u i d  chromatography ove r  bas i c  alumina. The 

sequence o f  so l ven ts  and chemical spec ies p resen t  i n  each f r a c t i o n  a r e  

as fo l l ows :  

F rac t i on  

1 

2 

Sol ven t  

Petro leum e the r *  

95% Petroleum e the r *  
5% Benzene 

85% Petroleuni  e the r *  
15% Benzene 

Te t rahyd ro fu ran ;  
1% Ethanol 

Tet rahydrofuran;  
10% Water 

(Non-e luted)  

Chemical Species 

Saturated hydrocarbons 

Monoaroniatic hydrocarbons w i t h  
a l i p h a t i c  s u b s t i t u e n t s  ( i n c l u d i n g  
t e t r a l i n  and t e t r a l i n  homologs) 

Diaroniat ic  hydrocarbons (naphthalene 
and a1 k y l  d e r i v a t i v e s )  

Polyaromat ic  hydrocarbons 
Dibenzofuran and o t h e r  f u r a n  d e r i v a t i v e s  
Nonbasic n i t r o g e n  compounds 

Phenols and bas i c  n i t r o g e n  compounds , 

P o l y f  unc t  i onal Compounds 

* 
These f r a c t i o n s  are now be ing  developed us ing  heptane i n s t e a d  

o f  pe t ro leum e t h e r .  
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Although t h i s  sequence a l l o w s  good s e p a r a t i o n  o f  hydrocarbons, and though 

an improvement over o t h e r  methods, t h e  techn ique i s  n o t  w i t h o u t  f a u l t .  

One d i f f i c u l t y  i s  t h a t  phenols, bas ic  components and a c i d i c  n i t r o g e n  spec ies  

a r e  sometimes mixed i n  t h e  same f r a c t i o n  ( F r a c t i o n  5 ) .  Also,  p o l y f u n c t i o n a l  

molecules,  compris ing as much as 20% i n  some process d e r i v e d  s o l v e n t s  (1  , 3 ) ,  

are  g e n e r a l l y  non-e lu tab le .  

To circumvent the  problem o f  non-e lu ted  m a t e r i a l  a s i l i c a  colunin i n  

f r o n t  o f  t h e  alumina column cou ld  be used t o  absorb p o l y f u n c t i o n a l  compounds 

which c o u l d  then be e l u t e d  separa te ly .  

bas ic  components, an a l t e r n a t i v e  method i s  t h e  use o f  ion-exchange r e s i n s  

as i n  t h e  SARA procedure. 

For t h e  i s o l a t i o n  o f  a c i d i c  and 

Two r e s i n s ,  Amberlyst-26 and Amberlyst-15, manufactured by Rohm and 

Haas, a r e  p o t e n t i a l l y  u s e f u l  f o r  coal  d e r i v e d  s o l v e n t  separa t ions  o f  t h i s  

type. The d e s i r a b i l i t y  o f  t h e  Amber lys t type  r e s i n s  i s  t h a t  t h e y  are 

i n t r i n s i c a l l y  porous and can be used f o r  non-aqueous a p p l i c a t i o n s  as 

they  do n o t  r e q u i r e  s o l v e n t  s w e l l i n g  t o  become e f f e c t i v e .  

Amberlyst-26, was used i n  p r i o r  work ( 5 )  t o  i s o l a t e  the  heavy phenol 

f r a c t i o n  (450QF+),  so designated i n  t h a t  i t  c o n t a i n s  no simple s i n g l e - r i n g  

compounds, f rom a r e c y c l e  s o l v e n t  ob ta ined from the  W i l s o n v i l l e ,  Alabama, 

Process Demonstration U n i t  operated by C a t a l y t i c ,  Incorpora ted  f o r  Southern 

Services,  Incorpora ted .  The i s o l a t i o n  was q u a n t i t a t i v e  and prov ided a 

m i x t u r e  of  phenols and a c i d i c  n i t r o g e n  compounds (e.g.  carbazo le ) .  I n  

c o n j u n c t i o n  w i t h  t h i s ,  r e v i e w i n g  the  developnient o f  RSNC i t  was noted t h a t  

a l though b a s i c  n i t r o g e n  and phenols e l u t e  i n  t h e  same f r a c t i o n  (RSMC-5) 

i t  appeared t h a t  t h e  r e t e n t i o n  f a c t o r s  were d i f f e r e n t  enough t h a t  by 

i n t r o d u c i n g  an e l u t i o n  s o l v e n t  o f  5% EtOH i n  THF, s e p a r a t i o n  c o u l d  be 

p o s s i b l e .  

The r e s i n ,  
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Cons ider ing  a l l  p a s t  work, a procedure has been developed, us ing  

sequent ia l  columns o f  s i l i c a ,  and/or alumina i n  combinat ion w i t h  a s t r c n g  base 

i o n  exchange r e s i n  column f o r  s e p a r a t i o n  o f  a coa l  d e r i v e d  s o l v e n t .  

EXPERIMENTAL 

Sample 

The sample used was an Hydrogenated SRC-1 r e c y c l e  s o l v e n t  prepared by 

Conoco Research and Development Corp., and conta ined 9.67% H. I t  was 

i n i t i a l l y  d i s t i l l e d  and t h e  d i s t i l l a t i o n  f r a c t i o n  (400-600OF) was used f o r  

these s t u d i e s .  

bla t e  r i a 1 

A. Reagents 

n-heptane ob ta ined from A l d r i c h  Chemical Company. 

Benzene o b t a i n e d  from F i s h e r  S c i e n t i f i c ,  F a i r  Lawn, NJ. 

Chloroform, Ether(anhydr0us) and Methanol were ob ta ined from 

J .  T. Baker Cheniical Co., P h i l l i p s b u r g ,  NJ. 

Tet rahydro furan  ( u n i n h i b i t e d )  o b t a i n e d  from Burd ick  & Jackson. 

B. Ion-Exchange Resin (Amber lys t  A-26) 

S k e l e t a l  S t r u c t u r e  Styrene - DVB 

I o n i c  F u n c t i o n  Quat e r  na ry 

P o r o s i t y  ( % )  

Sur face  Area m /g 2 

27 

28 

I 
C 
k +  OH- 

/ I \  
Exchange Capaci ty:  c c c  

meq/g 4.4 

meqlml 1 .o 

S t a b i  1 i t y  

i n i s  r e s i n  was r i g o r o u s i y  c leaned p r i o r  t o  use by exhaust ive  

washing w i t h  MeOH and THF i n  bo th  C1- and OH- forms. 

i n  OH- form n o t  above 60°C 
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C . C hronia t o g  rap hi c Supports 

S i l i c a  

Preparative - Prep Pack - 500 car t r idges  (5 .7  x 30 cm) 

obtained from Waters Associates. 

Analytical - LPS-2 37-53 um s i l i c a  gel obtained from 

Whatman Inc . ,  Cl i f ton NJ. 

A1 umi na 

Basic Alumina Woelm Activi ty  - 1 obtained from I C N .  

PROCEDURE 

The overall procedure i s  shown schematically i n  Figure 1 .  The  

i n i t i a l  separation u t i l i z e d  a modified version of our SESC ( 1 , 2 )  procedure 

and was performed on a 10 g sca le .  

The sample, Hydrogenated SRC-1, was dispersed on g lass  beads 

(Regular 170/230 mesh) a n d  loaded in a pre-column. 

separation was then accomplished, using a system s imi la r  t o  the Waters 

LC/Prep 500 System containing two s i l i c a  c a r t r i d g e s ,  a t  a flow r a t e  of 

approximately 50 cc/min. 

Chromatographic 

The f rac t ions  obtained a r e  presented in Table 1 .  

Each f rac t ion  i so la ted  in the i n i t i a l  s tep  was analyzed by ana ly t ica l  

S E X ,  u t i l i z i n g  a s t a i n l e s s  s tee l  column ( 3  x 1000 mm)  and 1 cc/min flow 

r a t e ,  t o  determine the qua l i ty  of the separat ion.  

of each f rac t ion  were a l so  obtained on a Hewlett Packard 5750 Research 

Chromatograph u t i l i z i n g  a Dexsil 300 column (10% on Chromasorb; 1/8" x 10 f t )  

and programmed a t  6°C per minute from 50°C t o  350°C. 

Vapor-phase chromatograms 

The hydrocarbons a n d  monofunctional compounds were fur ther  f rac t iona ted  

by preparat ive chromatography over alumina. An Altex ana ly t ica l  g lass  
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column (15  x 1000 mm) equipped w i t h  an a d j u s t a b l e  p lunger  and a f l o w  r a t e  

o f  5 cc/min was used f o r  development o f  f r a c t i o n s  as shown i n  F igure  1. 

These f r a c t i o n s  were analyzed by vapor phase chromatography. 

Both a n a l y t i c a l  and p r e p a r a t i v e  f r a c t i o n a t i o n s  were mon i to red  us ing  

The data a Pye 2 Unicam moving w i r e  d e t e c t o r  and an Autolab M i n i g r a t o r .  

f rom both  chromatographic separa t ions  are  summarized i n  Table 2 .  

The chemical and s t r u c t u r a l  n a t u r e  o f  t h e  components o f  each o f  these 

f r a c t i o n s  are  p r e s e n t l y  be ing  examined by FIMS as w e l l  as by o t h e r  s p e c t r a l  

methods and w i l l  b e  the  s u b j e c t  o f  a f u t u r e  p u b l i c a t i o n .  

RESULTS AND DISCUSSION 

The p r e p a r a t i v e  s c a l e  chromatography data i n d i c a t e s  t o t a l  recovery 

o f  sample f rom t h e  s i l i c a  was achieved. A n a l y t i c a l  SESC i n d i c a t e s  t h a t  

g r e a t e r  t h a n  90% o f  the  hydrocarbon f r a c t i o n  i s  s a t u r a t e s  and mono, d i  and 

po lyaron ia t i cs .  S i m i l a r  a n a l y s i s  o f  h e t e r o c y c l i c  and f u n c t i o n a l  compound 

f r a c t i o n s  i n d i c a t e  t h a t  t h e r e  i s  some o v e r l a p  b u t  t h a t  i n  general t h e  

separa t ion  o b t a i n e d  appears t o  be q u i t e  good. 

P r e p a r a t i v e  s c a l e  s e p a r a t i o n  o f  bo th  ,the hydrocarbon and f u n c t i o n a l  

compound f r a c t i o n s  i n t o  sub-groups by RSMC method i n d i c a t e s  good separa t ion  

between chemical  groups as o u t l i n e d  i n  F i g u r e  1.  

exper imental  e r r o r ,  a re  w e l l  i n  agreement w i t h  a n a l y t i c a l  SESC data  and 

thus  g i v e  good i n d i c a t i o n  t h a t  non b a s i c  N, 0, S - h e t e r o c y c l i c s  a r e  

contained i n  f r a c t i o n  B. 

by ion  exchange. 

CONCLUSIONS 

The r e s u l t s ,  w i t h i n  

T h i s  f r a c t i o n  may then be f u r t h e r  f r a c t i o n a t e d  

The descr ibed f r a c t i o n a t i o n  scheme, u s i n g  sequent ia l  columns o f  s i l i c a ,  

aiumina and a s t r o n g  base i o n  exchange r e s i n ,  p rov ides  separa t ion  o f  process 

der ived  coal  l i q u e f a c t i o n  r e c y c l e  s o l v e n t s  i n t o  c h e m i c a l l y  d i f f e r e n t  

f r a c t i o n s  c o n t a i n i n g  v a r i o u s  hydrocarbons, mono, d i  and po lyaromat ics  

94 



including su l fu r  containing heterocycles;  furans;  non basic  N ;  basic  

nitrogen species;  mono-phenols and polyfunctional compounds. 

The combination of f rac t iona t ion  w i t h  addi t ional  study by elemental 

analyses ,  FIMS as  well a s  by o ther  spectral  methods leads t o  a good chemical 

character izat ion o f  each f r ac t ion ,  and the t o t a l  so lven t .  

The'developed method allows f o r  t he  circumvention of any problems 

normally encountered i n  separat ing the desired f u n c t i o n a l i t i e s .  

u t i l i z a t i o n  of such method coupled w i t h  charac te r iza t ion  of t h e  chemical 

groups obtained allows f o r  t he  gain of a more thorough understanding of 

the chemistry of coal-solvent in te rac t ion  and can lead t o  a more d e t a i l e d  

ident i f ica t ion  of t he  chemical composition of recycle  so lven t s .  

The 

The l a t t e r  premise i s  present ly  being invest igated,  fo r  a v a r i e t y  of 

f u l l  range process derived recycle solvents  (400-800OF). 
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F r a c t i o n  

T a b l e  1 

DATA FROM I N I T I A L  PREPARATIVE CHROMATOGRAPHY 

Components E l u t i o n  S o l v e n t  - x - 
A S a t u r a t e s ,  Mono, D i  & P o l y a r o n i a t i c s  + Hep tane /  % 80 

159: Benzene 

B S, 0, H e t e r o c y c l i c s  and n o n b a s i c  N C h l o r o f o r m  % 1 0  

C B a s i c  N i t r o g e n  & p h e n o l s  ChC13/Et20 + ,-b 1 0  
CHCl  3/EtOH 



T a b l e  2 

SEPARATIONS OF INITIAL FRACTIONS 

Analytical SESC: (Normal Mode) 

Corn o s i t i o n  
Weight ResFonse Normal I= 

I Factor x 
- 
-~ 

Fraction A 

Frac. 1-2 
" 3 
I '  4 
'I 5 
'I 6 

Fraction B 

Frac. 3 
4 

" 5 
IC 6 

Fraction C 

Frac. 3 
It 4 
'I 5 
" 6-7  

76.4 (1.81)* 90.61 
1.2 (1 .30)  1 .oo 
8.4 (0.52) 2.89 
8.4 (0.42) 2.83 
5.5 (0 .07)  3.16 

59.4 (1.30) 
28.1 (0.52) 
8.7 (0.42) 
3.8 (0.87) 

78.2 

3 . 7  
3.3 

14.8 

2.1 11.30) 4.4 
63.6 ( 0 . 5 z j  53.4 
8.3 (0.42) 5.6 

21.1 (0.07) 29.6 
2.1 (0.78) 2.6 
2.7 (0.97j 4.2 

* Response f a c t o r s  a s  determined fo r  solvent  6663. (1,3) 

RSMC OF SESC Fractions 

Fraction 

1 
1A 
2 
3 
4 
4A 
5 
6 

Fraction A Fraction C 
% % 

27.7 
8.6 
10.2 
11.4 
15.0 
10.0 
10.1 

1 

7.0 
42.0 
45.0 

.) 5.0* 

* Non-eluted by d i f fe rence  
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SPECIFIC METAL DETECTION I N  THE SIZE EXCLUSION SEPARATION 
OF SEPARATION OF SOLVENT REFINED COAL 

L. T. Taylor and D .  W. Hausler(1) 

Department of Chemistry 

Blacksburg, VA 24061 
V i r g i n i a  Polytechnic  I n s t i t u t e  and S t a t e  Universi ty  

INTRODUCTION 

The high s e n s i t i v i t y  of Induc t ive ly  Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) f o r  m e t a l  a n a l y s i s ( 2 )  makes t h i s  system a p o t e n t i a l l y  powerful metal- 
s p e c i f i c  d e t e c t o r  f o r  l i q u i d  chromatographic sepa ra t ions .  Severa l  r e p o r t s  have 
r e c e n t l y  appeared regarding a chromatography-ICP in t e r f ace (3 ) .  
t hese  i n v e s t i g a t i o n s  have involved an  aqueous mode where the  c h a r a c t e r i s t i c s  of t he  
plasma a r e  much b e t t e r  understood(2) .  

P r a c t i c a l l y  a l l  o f  

Exceptions t o  t h i s  a r e  the  simultaneous determinat ion of 15 d i f f e r e n t  wear me ta l s  
i n  l u b r i c a t i n g  o i l s  d i s so lved  i n  4-methyl-2-pentanone(4) and the  sepa ra t ion  with to luene  
e luen t  of a t e s t  mix tu re  of f e r rocene  compounds v i a  adsorpt ion chromatography with 
ICP-AES a s  a s i n g l e  element de t ec to r (5 ) .  
organic  s o l v e n t s  wherein organometal l ic  compounds a r e  more compatible has n o t  been 
made. To accomplish t h i s  t a s k  one r equ i r e s  an e f f i c i e n t  i n t e r f a c e  which can handle a 
v a r i e t y  of s o l v e n t s  w i t h  t h e i r  accompanying d i f f e rences  i n  nebu l i za t ion  e f f i c i e n c i e s  
s i n c e  t h e  plasma i s  extremely s e n s i t i v e  t o  changes i n  so lven t  de l ive ry ,  so lven t  com- 
p o s i t i o n  and so lven t  v o l a t i l i t y .  
emissions,  coupl ing of t h e  r ad io  frequency t o  t h e  plasma and d i f f e rences  i n  optimal 
viewing height  o f  t he  plasma. A jacketed spray chamber whereby coolant  can flow o r  b e  
pumped around t h e  e x t e r i o r  proved t o  be the  choice i n t e r f a c e ( 6 ) .  Metal de t ec t ion  l i m i t s  
i n  such so lven t s  a s  py r id ine ,  chloroform, to luene  and heptane have been shown t o  be 
comparable t o  those  found i n  aqueous s t a t i c  ICP-AES opera t ion .  

The ex tens ion  of LC-ICP t o  a v a r i e t y  o f  

A change of so lven t  can l ead  t o  changes i n  background 

Pyr id ine  has  a number of f e a t u r e s  a s  a so lven t  t h a t  makes i t  i n t e r e s t i n g  f o r  
development boLh a s  a LC so lven t  and a so lven t  f o r  ICP-AES. Pyridine i s  p a r t i c u l a r l y  
d e s i r a b l e  f o r  most a l l  s y n f u e l  m a t e r i a l s  i n  t h a t  i t  d i s so lves ,  f o r  example, approximately 
98% of so lven t  r e f i n e d  c o a l  s o l i d  product.  I n  add i t ion ,  w e  have shown i t  t o  be a n  
accep tab le  so lven t  f o r  s i z e  exc lus ion  chromatography (SEC) o f  coa l  derived products(7) .  
The r e s u l t s  of t he  SEC s e p a r a t i o n  i n  py r id ine  of a v a r i e t y  of coa l  derived f r a c t i o n s  
u t i l i z i n g  ICP a s  a s p e c i f i c  metal de t ec to r  a r e  descr ibed here in .  

EXPERIMENTAL 

An ARL (Sunland, CAI ICP-AES Model 137000 w a s  used a s  obtained f o r  metal de t ec t ion .  
The so f tware  u t i l i z e d  w a s  s i g n i f i c a n t l y  modified from t h a t  which i s  commercially 
a v a i l a b l e  and can b e  ob ta ined  from t h e  au thors .  
nebu l i ze r  and coo lan t  were a s  de l ive red  when s e t t i n g  the  r egu la to r s  a t  15 and 40 p s i ,  
r e spec t ive ly .  The system, inc lud ing  torch  pos i t i on ,  was optimized f o r  pyr id ine .  
P y r i d i n e  was purchased as a chromatographic grade so lven t  w i t h  no s u e c i a l  preranrinns  
-0  LV iuccai  cuiizenE. l n e  pumping system f o r  the chromatographic sepa ra t ions  was a 
Waters 6000A dua l  p i s t o n  pump (Mi l ford ,  M A ) .  
1 O d  u-Styragel column (Waters,  Milford,  MA) a t  a flow r a t e  o f  e i t h e r  1 o r  0.5 ml/min. 

The argon gas  flows f o r  t he  

^ ^  L 

The sepa ra t ions  were achieved using a 

All tubing between t h e  sample i n j e c t i o n  va lve  (Valco, 50 u1 loop) and t h e  
nebu l i ze r  was f a b r i c a t e d  from e i t h e r  316 s t a i n l e s s  s teel  o r  Teflon. The nebu l i ze r ,  
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composed o f  Pyrex g l a s s ,  w a s  obtained from ARL. 
chamber, developed i n  t h i s  l abora to ry ,  to f ac i l i t a t e  the  i n t e r f a c e  and a l s o  b e  
compatible w i t h  v o l a t i l e  organic  so lven t s  was u t i l i z e d .  
a t  1400 wat t s  i nc iden t  power and zero  wa t t s  r e f l e c t e d  power. 

A thermostated Pyrex g l a s s  spray 

The plasma was maintained 

Separat ion of so lvent  r e f ined  c o a l  by s e l e c t i v e  e l u t i o n  so lven t  chromatography 
(SESC)(E) was c a r r i e d  ou t  by s l u r r y i n g  approximately 200 grams of s i l i c a  g e l  (70- 
230 mesh) (MC/B Manufacturing Chemists Inc.)  i n  one l i t e r  of dry methanol and 
f i l t e r i n g  through a Whatman 111 c e l l u l o s e  f i l t e r .  The s i l i c a  g e l  was f u r t h e r  washed 
wi th  th ree  200 m l  of volumes of methanol and d r i e d  a t  120°C i n  a g r a v i t y  convection 
oven. The chromatographic column w a s  a 1 314 i n c h  0 .d .  x 10 inch  long s t a i n l e s s  
steel  tube wi th  f r i t t e d  reducers  t h a t  lead t o  1 /16  inch  0.d.  tubing o u t l e t s .  To 
g rav i ty  pack the  column, approximately 130 grams of t h e  prepared s i l i ca  g e l  was 
s l u r r i e d  i n  500 m l  of HPLC grade hexane and poured i n t o  the  chromatographic column. 
Once drained of hexane, a sample mixture of SRC and s i l i c a  g e l  (1:l) was dry packed 
onto the column head. 
repor ted  (8).  
i n  volume through r o t a r y  evaporat ion a t  40°C (6OoC f o r  pyr id ine)  under vacuum. 
Each f r a c t i o n  was f u r t h e r  d r i e d  a t  60°C and 5 t o r r  f o r  24 hours.  

The so lven t s  used f o r  t h e  chromatography were those  p rev ious ly  
Having i s o l a t e d  the  n ine  SESC f r a c t i o n s ,  each was i n d i v i d u a l l y  reduced 

For s i z e  exclusion chromatography, t h e s e  SESC f r a c t i o n s  were r ed i s so lved  i n  
pyridine a t  approximately 0.5 grams of f r a c t i o n  t o  10 milliliters of so lven t .  
so lu t ions  were f i l t e r e d  through 0.45 micrometer Mi l l i po re  sy r inge  f i l t e r s 6  
m i c r o l i t e r s  of each o f  t h e  r e s u l t i n g  s o l u t i o n s  was then i n j e c t e d  on a l O O A  P S t y r a g e l  
column and e lu t ed  wi th  pyr id ine .  

The 
F i f t y  

RESULTS AND DISCUSSION 

We have developed a LC-ICP i n t e r f a c e  which can simultaneously d e t e c t  (ICP) 
and spec ia t e  (LC) up t o  34 elements a t  concentrat ions between 10 ppm and 0.5 ppb 
depending on the element and the  mat r ix .  
success fu l ly  used. Prel iminary experiments using t h i s  i n t e r f a c e  have monitored 15 
elements s imultaneously (Al, Ca, Cd, Co, C r ,  Cu, Fe, Hg, Mg, Mn, Mo, N i ,  T i ,  V and 
Zn). 
so lvent  r e f ined  c o a l  has been s i z e  exclusion chromatography. 

A v a r i e t y  of organic  matrices have been 

The mode of s epa ra t ion  of process  der ived c o a l  l i que fac t ion  so lven t s  and Amax 

The me ta l s  p re sen t  i n  a process  so lvent  obtained from t h e  SRC Wi l sonv i l l e ,  AL 
f a c i l i t y  and metal d i s t r i b u t i o n  according t o  e f f e c t i v e  molecular s i z e  a r e  presented 
i n  Figure 1. 
molecular s i z e  d i s t r i b u t i o n  i s  found fo r  Mg; whereas,  T i  appears  t o  b e  more mono- 
dispersed w i t h  an average molecular s i z e  v i a  r e t e n t i o n  volume approximately equ iva len t  
t o  a 500 molecular weight n-alkane. A d e f i n i t e  bimodal d i s t r i b u t i o n  i s  observable  
f o r  Mn. Of the  elements which were monitored, C r  s u r p r i s i n g l y  e x h i b i t s  the  l a r g e s t  
concentrat ion unl ike  the  o t h e r  coal-derived m a t e r i a l s  which have been examined v i a  
LC-ICP. The source of C r  i n  t h i s  c a s e  may w e l l  be from co r ros ion  of t h e  r e a c t o r  
equipment. 
of the  m a t e r i a l  e l u t i n g  near  t he  t o t a l l y  excluded volume. Cu and Zn, on t h e  o t h e r  
hand, show a much smaller s i z e  d i s t r i b u t i o n  with Cu having a t  l e a s t  two groups of 
"sized" spec ie s ;  whi le ,  Zn appears t o  be incorporated i n  a r e l a t i v e l y  smal l  number 
of s i n g l e  "sized" spec ies .  The remainder of t he  elements monitored d id  n o t  shown 
de tec t ab le  peaks above ambient no i se  l eve l .  

Very low l e v e l s  of Mg, Mn, T i ,  Cd and Hg a r e  observed. A r a t h e r  broad 

Both C r  and Fe show a s imi l a r  molecular s i z e  d i s t r i b u t i o n  with most 

A moderately hydrotreated process  so lven t  t h a t  had been previously separated 
i n t o  four  d i s t i l l a t i o n  ranges: 
and 600-800°F w a s  sub jec t ed  t o  SEC-ICP. Figure 2 shows t h r e e  such d i s t i l l a t i o n  c u t s  

IBP ( i n i t i a l  b o i l i n g  poin t )  -800°F, 400-800°F, 400-600'F 
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sepa ra t ed  on  a 100; p -S ty rage l  SEC column us ing  p y r i d i n e  as  t h e  e l u t i n g  medium. 
S ince  the 400-600°F and  t h e  600-800'F f r a c t i o n s  were taken from the  ICP-800°F 
d i s t i l l a t e ,  one would hope t h a t  t h e s e  should be a d d i t i v e .  Indeed,  i f  one looks a t  
the  Fe "metallogram" o f  t h e  400-600°F c u t ,  one  s e e s  a d i s t r i b u t i o n  t h a t  is  bimodal 
w i t h  t h e  predominant f r a c t i o n  being of sma l l e r  mo lecu la r  s i z e ,  wh i l e  t h e  600-800'F 
Fe metallogram is l i k e w i s e  bimodal b u t  the  predominant f r a c t i o n  being of l a r g e r  
molecular  s i z e .  The o r i g i n a l  IBP-800°F d i s t i l l a t e  a l s o  appea r s  t o  be bimodal b u t  
w i th  equal  d i s t r i b u t i o n  of s m a l l e r  and l a r g e r  molecular  s i z e d  compounds. It  is a l s o  
s a t i s f y i n g  t h a t  t h e  h i g h e r  temperature  range d i s t i l l a t e  e x h i b i t s  an inc reased  
concen t r a t ion  o f  l a r g e r  ( l e s s  v o l a t i l e )  compounds. 

Zn appears  t o  b e  concen t r a t ed  i n  t h e  lower temperature  d i s t i l l a t e .  The higher  
temperature  d i s t i l l a t e  has  s m a l l e r  s i z e d  Zn compounds a l though  t h e  r eason  i s  n o t  
c l e a r .  This may imply t h a t  t h e s e  Zn con ta in ing  s p e c i e s  a r e  more p o l a r  and hence 
more highly a s s o c i a t e d .  No d e t e c t a b l e  l e v e l s  of Mn were observed i n  t h e  SEC of 
both t h e  400-600°F and 600-800°F c u t .  The IBP-800°F c u t ,  however, showed a low Mn 
l o s t  i n  the d i s t i l l a t i o n  o r  s e v e r e l y  d i l u t e d  as a r e s u l t  of t h e  d i s t i l l a t i o n .  On 
the  o t h e r  hand, Cu i s  r e t a i n e d  upon d i s t i l l a t i o n  and i s  equa l ly  d iv ided  between the 
two more narrow b o i l i n g  c u t s .  Of t h e  15  elements  monitored, on ly  t h e  me ta l s  shown 
i n  F i g u r e  2 were above the  minimum d e t e c t a b l e  l i m i t .  

ICP a l o n e  w i l l  n o t  y i e l d  s p e c i a t i o n  in fo rma t ion ;  coupled,  however, w i th  s p e c i f i c  
t y p e s  of chromatography some knowledge of t h e  n a t u r e  of me ta l  s p e c i e s  can b e  ob ta ined .  
A p r e p a r a t i v e  s e p a r a t i o n  of SRC s o l i d  product  v i a  p o l a r i t y  on s i l i c a  g e l  has  been 
performed employing s e l e c t e d  e l u t i o n  s o l v e n t  chromatography (SESC) i n t o  n ine  f r a c t i o n s ,  
des igna ted  s a t u r a t e s  (Sl), a romat i c s  ( 6 2 ) ,  p o l a r  a romat i c s  ( # 3 ) ,  s imple phenols (114), 
n i t r o g e n  h e t e r o c y c l e s  ( 1 5 ) ,  h igh ly  f u n c t i o n a l  molecules  (#6) ,  polyphenols  (#7), and 
molecules  t h a t  posses s  i n c r e a s i n g  oxygen and n i t r o g e n  c o n t e n t  (18 and 1 9 ) .  We 
found s i g n i f i c a n t  q u a n t i t i e s  of a v a r i e t y  of metals i n  each SESC f r a c t i o n  ( 9 ) .  
removing the e l u t i n g  s o l v e n t ,  w e  s epa ra t ed  each  SESC f r a c t i o n  f u r t h e r  according 
t o  e f f e c t i v e  molecu la r  s i z e  by e l u t i o n  wi th  p y r i d i n e  w i t h  t h e  ICP "on-l ine"  t o  
o b t a i n  f i f t e e n  "metallograms", one f o r  each me ta l  and SESC f r a c t i o n  monitored. 

A f t e r  

Copper, i r o n  and z i n c  metal lograms show t h e  r i c h e s t  v a r i e t y  of m e t a l l i c  s p e c i e s  
d e t e c t e d  (F igu re  3 ) .  
SESC #l and 18 have t h e  h i g h e s t  concen t r a t ion  of copper;  SESC 111 and 116 have the  
h i g h e s t  concen t r a t ion  o f  i r o n ;  and SESC 18 h a s ,  by f a r ,  the  h i g h e s t  c o n c e n t r a t i o n  
of  z inc .  The m u l t i p l e  chromatographic  peaks r e g i s t e r e d  i n  most metallograms t e s t i f y  
t o  t h e  w i d e  v a r i e t y  of o r g a n i c a l l y  bound copper ,  i r o n  and z i n c  s p e c i e s  i n  the  SRC 
s t u d i e d .  The s h a r p n e s s  of many of t h e  peaks,  e s p e c i a l l y  i n  t h e  case  of z inc ,  s u g g e s t s  
e x c l u s i v e  e l u t i o n  of c l o s e l y  r e l a t e d  components o r  even of j u s t  a s i n g l e  spec ies .  
E l u t i o n  of i r o n  s p e c i e s  commences a t  t h e  t o t a l l y  excluded volume f o r  each  SESC 
f r a c t i o n .  This  i s  n o t  t h e  c a s e  wi th  copper and z inc ;  f o r  t h e s e  m e t a l s ,  molecules  
of  s i z e  l e s s  than an n-C I ron -con ta in ing  m a t e r i a l s  
e l u t i n g  i n  h i g h l y  p o l a r  d&C f r a c t i o n s  a r e  l a r g e  "s ized" e n t i t i e s ,  wh i l e  a much 
broader  "sized" d i s t r i b u t i o n  i s  observed i n  less p o l a r  f r a c t i o n s  (SESC 11-6). Major 
copper  and z inc  peaks e l u t i n g  from SESC # l  correspond t o  approximately 1 . 3  ppm 
(Cu) and 0.4 ppm (Zn). Other r e l a t i v e l y  sharp peaks where c o n c e n t r a t i o n  can be 
e s t ima ted  a r e  provided i n  t h e  copper metallogram de r ived  from SESC 117. 
t o  smaller " s i zed"  sDec ie s  ( in r reac ino  n l z t j n n  -:-1c;-> :hc c z ~ p e r  CYLLLrl lL ldLi~~~~  a r e  
approximately 0.8, 2 . 3  and 1.1 ppm, r e s p e c t i v e l y .  S ince  SESC 17 i s  r epu ted  t o  be 
polyphenols ,  i t  seems r e a s o n a b l e  t o  sugges t  t h a t  t h e s e  copper s i g n a l s  a r e  due to  
e l u t i o n  of copper pheno la t e s .  The z i n c  metallogram de r ived  from SESC 16 e x h i b i t s  
t h e  l a r g e s t  number of d i s c r e t e  peaks.  
f u n c t i o n a l  f r a c t i o n  a r e  r evea led  upon s e p a r a t i o n  by e f f e c t i v e  molecular  s i z e .  

A l l  n i n e  SESC f r a c t i o n s  c o n t a i n  va ry ing  amounts of these  me ta l s .  

a l k a n e  are p r e d i c t e d  t o  e l u t e .  

P rogres s ing  

Four z i n c  c o n t a i n i n g  s p e c i e s  i n  t h i s  h i g h l y  
The 
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appa ren t  l a r g e s t  "s ized" z inc  compound elutes a t  the  t o t a l l y  excluded volume and 
r e p r e s e n t s  approximately 6 ppm zinc.  E l u t i o n  of the  s p e c i e s  a t  10.5 m l  is 
r e p r e s e n t a t i v e  of a molecule  corresponding t o  n-decane i n  s i z e .  SESC 1 8  h a s  a z inc  
c o n c e n t r a t i o n  of about  45 ppm, a l l  of which a p p a r e n t l y  e l u t e s  i n  a r e l a t i v e l y  narrow 
band corresponding i n  s i z e  t o  an  n-C2 a lkane .  
s e p a r a t i o n  o f  t o t a l l y  excluded and s e f e c t i v e l y  permeated (CO .25 ppm) z inc -con ta in ing  
m a t e r i a l  i s  observed i n  the  s i z e  exc lus ion  s e p a r a t i o n  of SESC 119. 

F i n a l l y ,  an i n t e r e s t i n g  bimodal 

A c a p a b i l i t y  t o  perform metal  a n a l y s e s  i n  p y r i d i n e  and o t h e r  o rgan ic  s o l v e n t s  
and t h e  i n t e r f a c i n g  of LC and ICP  p rov ide  r e s e a r c h e r s  a t o o l  f o r  metal  s p e c i a t i o n  i n  
s y n f u e l s .  
o f  each m e t a l .  However, s o l u b i l i t y  of t h e s e  m a t e r i a l s  i n  a wide v a r i e t y  o f  o rgan ic  
s o l v e n t s ,  r epea ted  f i l t r a t i o n  through 5 u m  f i l t e r s ,  and s e l e c t i v e  s e p a r a t i o n  v i a  two 
chromatographic procedures  (SEX and SEC) i n d i c a t e s  t h a t  m e t a l s  i n  o rgan ic  com- 
b i n a t i o n  a r e  p r e s e n t  (10). 

F u r t h e r  work must be undertaken t o  a s c e r t a i n  s p e c i f i c  chemical environments  
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2 Pyrolysis/(GC) /MS as a Coal Charac te r i za t i on  Technique 
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INTRODUCTION 

With the  commercial a v a ' l a b ' l i t y  o f  m in i -py ro l yze rs  coupled w i t h  
gc/ms in t rumentat ion,  many s tud ies11-7 j  have been conducted on f o s s i l  f u e l s .  
However, t he  s tud ies  conducted t o  date have been l i m i t e d  i n  two impor tan t  
areas. The f i r s t  i s  t he  l a c k  o f  a s u i t a b l e  q u a n t i f i c a t i o n  method t o  desc r ibe  
the  pa t te rns  o f  py ro l ysa tes  formed and the  second i s  the  absence o f  abso lu te  
q u a n t i t a t i v e  y i e l d s  f o r  t he  major degradat ion products. 
have been inc luded i n  t h i s  present  work t o  demonstrate a genera l l y  a p p l i c a b l e  
method f o r  q u a n t i f y i n g  a wide range o f  coa l  p y r o l y s i s  products .  By employing 
r a p i d  p y r o l y s i s ,  t h a t  is,a 20°C pe r  m i l l i s e c  heat-up r a t e  w i t h  a he l i um gas 
sweep, many secondary reac t i ons  a re  avoided. 
Pyro lysates are swept o u t  o f  t he  Pyroprobe h o t  zone q u i c k l y  enough so t h a t  t hey  
s t i l l  r e t a i n  much o f  t h e i r  s t r u c t u r a l  i d e n t i t y .  Ana lys i s  o f  the major  chroma- 
tographable compounds, t he re fo re ,  prov ides some i n f o r m a t i o n  o f  t h e  o r i g i n a l  
coal s t r u c t u r e .  

EXPERIMENTAL 

P ~ / ( G C ) ~ / M S  System 

t o  the convent ional  capi11ar.y chromatographic i n j e c t i o n  p o r t  o f  a Hew le t t -  
Packard 5993 (GC)z/MS/DS system, us ing  g l a s s - l i n e d  metal t ub ing .  A l l t e c h  
50-meter SCOT SE-30 and OV-17 g lass  c a p i l l a r y  columns w i t h  0.5 mm i n t e r n a l  
diameters were i n s t a l l e d  i n - l i n e  w i t h  t h e  p y r o l y s i s  i n t e r f a c e .  
v o l a t i l e  degradat ion products  were c o l d  t rapped on the head o f  t he  SE-30 
c a p i l l a r y  column by ma in ta in ing  t h e  column oven a t  e i t h e r  0" o r  10°C. I n  
stud ies where v o l a t i l e  degradat ion products were analyzed, v o l a t i l e  degradat ion 
product peak widths were minimized by c o n t i n u a l l y  sweeping t h e  5993 i n j e c t i o n  
Por t  w i t h  approx imate ly  16 mls/min back f l ush  he l i um f low,  w h i l e  approx imate ly  
4 mls/min hel ium f l o w  through t h e  OV-17 c a p i l l a r y  column was mainta ined.  In 
a d d i t i o n ,  t he  1.5 mm x 6 cm g lass - l i ned  i n t e r f a c e  l i n e  between t h e  p y r o l y z e r  
and the c a p i l l a r y  column conta ined severa l  hundred m i l l i g r a m s  o f  Porapak Q 
Chromatographic suppor t  t o  improve chromatographic separat ion o f  t h e  most 
v o l a t i l e  degradat ion products. 

mainta ined a t  240OC and 260"C, r e s p e c t i v e l y .  
used. S o l i d  coal  samples were placed i n  3 mm i . d .  qua r t z  tubes and these 
tubes i n s e r t e d  i n  the  p y r o l y s i s  c o i l .  
v o l a t i l e  degradat ion products, coal  samples were p laced on a small  amount 
o f  qua r t z  wool w i t h i n  the quar t z  tube and weighed before and a f t e r  p y r o l y s i s .  
The c o i l  was heated t o  1000°C w i t h  a hea t ing  ramp o f  PO"C/msec and mainta ined 
a t  1000°C f o r  10 sec. 

These two features 

Many of t he  v o l a t i l i z e d  coa l  

A Chemical Data Systems Pyroprobe 100 s o l i d s  p y r o l y z e r  was i n t e r f a c e d  

Less 

The py ro l yze r  i n t e r f a c e  and gas chromatographic i n j e c t i o n  p o r t  were 
A c o i l  t ype  py ro l yze r  was 

For the  q u a n t i t a t i v e  a n a l y s i s  o f  
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Previous repor ted  t h a t  a c o i l  temperature o f  1000°C 

Degradat ion produc ts  f rom the  i n e r t  gas p y r o l y s i s  o f  Coal were 
r e s u l t s  i n  a sample temperature o f  approximately 750°C, when s i m i l a r  cond i t ions  
a r e  used. 
chromatographed u s i n g  e i t h e r  a 6'C/min o r  8"C/min chromatographic oven h e a t i n g  
r a t e  from the  s t a r t i n g ,  subambient temperature, t o  250°C. 

Q u a n t i t a t i v e  y i e l d s  o f  v o l a t i l e  degradat ion  products were determined by 
u s i n g  a 0 .5  m l  gas sampl ing loop i n - l i n e  w i t h  t h e  py ro l yze r .  
mass responses were determined d a i l y  by i n j e c t i n g  known volumes o f  CO2, CO, CH4, 
C2H6, C3H8, and C4H10 q u a n t i t a t i v e  gas standards, which were supp l ied  by 
Matheson. 

C h a r a c t e r i s t i c  

Mass spec t ra l  da ta  were s to red  f o r  l a t e r  a n a l y s i s  and i n t e r p r e t a t i o n  
The mass spec t ro -  u s i n g  the standard Hewlet t -Packard data a c q u i s i t i o n  system. 

meter data system was scanned from 35-450 amu f o r  t h e  a n a l y s i s  o f  l e s s  
v o l a t i l e  degradat ion  products.  
was obtained by scanning t h e  ins t rument  f rom 10-450 amu. 
m e t r i c  o p e r a t i n g  c o n d i t i o n s  r e s u l t e d  i n  complete 70 eV mass spec t ra  being 
obtained e v e r y  2 seconds. 

No. 6 and Rawhide c o a l s  were ground t o  -80 U.S. mesh and d r i e d  a t  100°C under 
vacuum, No f u r t h e r  p r e p a r a t i o n  was performed. The composi t ional  a n a l y s i s  o f  
these two coa ls  have been repo r ted lo .  

I n f o r m a t i o n  on v o l a t i l e  degradat ion  products 
Typ ica l  mass spec t ro -  

N i t rogen compounds were no t  analyzed i n  t h i s  study. The I l l i n o i s  

RESULTS AND DISCUSSION 

Tab le  I g i v e s  a summary o f  a l l  p y r o l y s i s  products i d e n t i f i e d .  
l a r g e  number o f  isomers was observed f o r  many methyl - s u b s t i t u t e d  degradat ion 
products.  Since mass spectra o f  var ious  isomers a r e  g e n e r a l l y  very  s i m i l a r ,  
no a t tempt  was made t o  i d e n t i f y  s p e c i f i c  isomers u s i n g  t h e  r e t e n t i o n  times 
of known isomers, except  f o r  t h e  methyl and dimethyl  phenols. I n  a d d i t i o n ,  
compounds which a r e  i d e n t i f i e d  t o  c o n t a i n  severa l  methyl groups c o u l d  a l so  
be e t h y l  o r  p ropy l  s u b s t i t u t e d .  Therefore,  a l l  a1 k y l - s u b s t i t u t e d  degradat ion 
products a r e  1 i s t e d  as  isomers under the  corresponding methylated compounds. 

coa l  p y r o l y s i s  p roduc ts  c o n s i s t s  o f  severa l  reg ions  where several  degradat ion 
products a r e  n o t  comple te ly  reso lved chromatographical ly,  even though c a p i l l a r y  
chromatographic s e p a r a t i o n  o f  the  degradat ion  produc ts  i s  used. 
problem can be minimized i f  r a t h e r  than t h e  t o t a l  i o n  chromatogram, se lec ted  
i o n  chromatograms a r e  used f o r  q u a n t i t a t i o n .  
approach i n  t h e  q u a n t i f i c a t i o n  o f  phenols can be seen i n  Figures 2 and 3. 
F i g u r e  2 shows the  t o t a l  i o n  chromatogram, along w i t h  molecular i o n  chromato- 
grams fo r  phenol and methyl  phenol isomers produced i n  t h e  degradat ion o f  
I l l i n o i s  No. 6 coa l .  As can be seen from the  comparisons o f  these molecu la r  
i o n  chromatograms wi th  the  t o t a l  i o n  chromatogram, o n l y  phenol and methyl 
phenols g i v e  peaks a t  t he  r e s p e c t i v e  r e t e n t i o n  t imes i n  t h e  i o n  chromatograms, 
w h i l e  the t o t a l  i o n  chromatogram y i e l d s  a l a r g e  number o f  over lapp ing  peaks 
- = ~ u u = =  U I  L ~ Z F  6 v i . r  ;appii iy e i u i i u n  o f  var ious  aegraaar ion proaucts.  
shows an i s o m e t r i c  d i s p l a y  o f  mass spec t ra l  data f o r  masses 90-110 a t  the  
same r e t e n t i o n  reg ion  shown i n  F igure  2. 
seen t o  be c h a r a c t e r i s t i c  o f  phenol, masses 105 and 106 o f  t r imethylbenzenes 
and masses 107-109 o f  methylpl icnols.  

A 

A s  can be seen from F igure  1, t h e  t o t a l  i o n  chromatogram o f  t he  

However, t h i s  

An example o f  the  use o f  t h i s  

h-r _..-- -I L L -  Figure  j 

Response o f  masses 94 and 95 a re  
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Table I i s  a summary o f  the py ro l ysa tes  from each c o a l .  The 
i d e n t i f i c a t i o n  o f  the c h a r a c t e r i s t i c  mass i ons  used f o r  q u a n t i f i c a t i o n  of 
each compound, the  c h a r a c t e r i s t i c  i o n  percent  o f  t o t a l  i o n i z a t i o n ,  and the 
c h a r a c t e r i s t i c  i o n  areas, normal ized t o  naphthalene i n  the PY/(GC)~/MS ana lys i s ,  
a r e  l i s t e d  f o r  I l l i n o i s  No. 6 and Rawhide coal  degradat ion products. The 
values t h a t  are g iven f o r  normal ized c h a r a c t e r i s t i c  i o n  areas a r e  an average 
of two Py/(GC)z/MS analyses f o r  each coal  sample t ype  and the range of values 
fo r  each compound i n  each p y r o l y s i s  can be obta ined from the var iance o f  each 
compound l i s t e d  i n  the  t a b l e .  

seen i n  the  q u a n t i t a t i v e  comparison o f  coal  degradat ion products .  
r e p r o d u c i b i l i t y ,  as measured from the  var iance o f  each degradat ion product  
i s  obta ined f o r  t he  q u a n t i t i e s  o f  a l l  degradat ion products measured us ing  
t h i s  technique. For py ro l ysa tes  i n  t h i s  v o l a t i l i t y  range, the q u a n t i t a t i v e  
d i f ferences observed between t h e  I l l i n o i s  No. 6 and Rawhide coa ls  a re  due 
sJ1ely t o  s u l f u r - c o n t a i n i n g  h e t e r o c y c l i c  compounds. 
degradat ion products a r e  q u a n t i t a t i v e l y  s i m i l a r  f o r  t he  two coa ls .  The one 
c lass  of compounds which shows the  l a r g e s t  v a r i a b l i l i t y  i n  the q u a n t i t a t i v e  
determinat ions o f  d u p l i c a t e  analyses a re  the  phenols. 
t o  t h e  f a c t  t h a t  these a c i d i c  compounds a r e  d i f f i c u l t  t o  chromatograph. 
While most o t h e r  degradat ion product  c h a r a c t e r i s t i c  i o n  areas vary by 10-15 
percent, t he  phenols t y p i c a l l y  vary  by as much as 30 percent .  

H i g h - V o l a t i l i t y  Degradation Products 

Since a d e t a i l e d  q u a n t i t a t i v e  and q u a l i t a t i v e  comparison o f  t he  
r e l a t i v e l y  n o n v o l a t i l e  degradat ion products ,  descr ibed above, g i ves  use fu l  
i n fo rma t ion  f o r  the c h a r a c t e r i z a t i o n  o f  these coals ,  t h e  same approach was 
taken t o  evaluate the  d i f f e r e n c e s  i n  the  more v o l a t i l e  py ro l ysa tes  produced 
i n  the  i n e r t  gas degradat ion o f  them. 
t o t a l  i o n  chromatograms f o r  masses 10-450, produced from the  Py/(GC)z/MS 
ana lys i s  o f  these coa ls .  As i n  F igures 1 and 2, t h e  numbers l i s t e d  above 
each peak r e f e r  t o  peak numbers i n  Table I and 11. I somet r i c  d i s p l a y s  o f  
masses 10-46 f o r  I l l i n o i s  No. 6 and Rawhide coal  degradat ion products  a re  
g iven i n  F igures 5 and 6. These d i s p l a y s  show t h a t  methane, carbon monoxide, 
and carbon d i o x i d e  a r e  the  degradat ion products  respons ib le  f o r  t h e  major  
i o n i z a t i o n  i n  t h i s  mass range. Also, these f i g u r e s  show t h a t  t h e  y i e l d s  
o f  carbon monoxide and carbon d i o x i d e  r e l a t i v e  t o  methane are l a r g e r  i n  
Rawhide coal  than i n  I l l i n o i s  No. 6. The r e l a t i v e l y  l a r g e r  mass 12 shown 
i n  F igure 6 i s  due t o  Ct from carbon d i o x i d e  and i s ,  t he re fo re ,  a l so  
r e l a t i v e l y  l a r g e r  i n  t h e  mass spect ra produced f rom Rawhide coa l  degradat ion 
products due t o  the  increased y i e l d  o f  t h i s  degradat ion product .  

The shoulders on the mass 28 peaks i n  F igures 5 and 6 show t h a t  t he  
normalized area l i s t e d  f o r  mass 28 as the  c h a r a c t e r i s t i c  i o n  f o r  carbon 
monoxide i s  from more than one compound. 
25-30 shown i n  these f i gu res  demonstrate t h a t  i n  a d d i t i o n  t o  carbon monoxide, 
ethane and ethy lene a r e  a l s o  impor tan t  degradat ion products  which can produce 
mass 28. 
t h a t  l i s t e d  f o r  carbon monoxide i s  probably  due i lp p a r t  t o  carbon monoxide 
w i t h  some c o n t r i b u t i o n  from ethane and ethy lene.  

Q u a l i t a t i v e  d i f f e r e n c e s  emphasized by arrows i n  F igu re  1 a r e  a l s o  
Good 

The nonsu l fu r - con ta in ing  

Th is  i s  l i k e l y  due 

F igure 4 shows the  comparison o f  

The i o n  chromatograms o f  masses 

Therefore, u n l i k e  o the r  c h a r a c t e r i s t i c  i o n  areas l i s t e d  i n  Table 11, 
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To emphasize other degradation products, methane, carbon monoxide, and 
carbon dioxide degradation products have been excluded from Figure 7 by s ta r t ing  
the mass summation range a t  mass 46. I n  addition t o  these three major 
degradation products, the broad elution of water, which i s  identified by an 
as te r i sk  in Figure 3, i s  also eliminated i n  Figure 7.  The peaks labeled with 
arrows in Figure 7 are sulfur-containing degradation products and a r e  major 
pyrolysates which d i f f e ren t i a t e  these two coals (Table 11) .  

Quantitative Yields of Degradation Products 

i s t i c  ion areas,  a l so  reported in Tables I and I 1  a r e  the percent of to ta l  
ionization which these charac te r i s t ic  masses represent i n  the to ta l  mass 
spectrum of each compound quantified.  
sections of most compounds with masses greater than 70 amu i s  constant, the 
absolute naphthalene y ie ld  given i n  Table IV and the compound class y ie ld ,  
re la t ive  t o  naphthalene, given in Table 111, can be used t o  estimate the 
quantitative y ie lds  o f  a l l  minor degradation products summarized in Table 111. 
I f  the to ta l  r e l a t ive  charac te r i s t ic  ion y ie lds  i n  Table I11 are normalized 
t o  the absolute naphthalene y ie ld  of approximately 1 ug/mg of coal, then the 
sum of a l l  compound classes,  i n  pg/mg of coal would be 27 .5  and 25.8 for  I l l i no i s  
No. 6 and Rawhide, respectively. If these yields a re  added t o  the major 
degradation products l i s t ed  in Table IV, a to ta l  of 66.5 and 91.3 ug/mg coal 
a re  measured using this analysis technique. Both I l l i no i s  No. 6 and  Rawhide 
coals loose approximately 50 percent of t he i r  to ta l  weight i n  the 750°C 
pyrolysis. 
approximately 13 and 18 percent i s  accounted for  i n  the  chromatographable 
degradation products. 
the pyrolysates of the two coals appear t o  resu l t  in the formation of large 
amounts of thiophenes and benzothiophenes. 

a re  similar fo r  these d i f fe ren t  ranked coals.  The s t r ik ing  s imi l a r i t i e s  of 
the isomer d is t r ibu t ions  for the methylthiophenes, dimethylbenzenes, dimethyl 
thiophenes, methyl phenols, dimethyl phenols, methyl naphtha1 enes, trimethyl 
benzenes, dimethyl naphthalenes and methyl dibenzofurans, produced from both  
coals indicate tha t  the organic structures producing these degradation 
products in the two coals are very similar.  

the organic s t ruc ture  of coal i s  reflected in the complete absence of sub- 
s t i t u t ed  furans. 
from e i ther  the eastern or western coals which were alkylated furans. 
about one-half of the sulfur-containing organic degradation products a re  the 
sulfur-containing analogue of furan, i . e . ,  alkylated thiophenes. 
i s  possible tha t  the alkylated phenol degradation products could be a resu l t  
of furan degradation, the complete absence of alkyl furans may imply tha t  
v # - a J  YL_I ILVI  u ~ ~ ~ t  J t i - u i i u r r b  a l e  i i~e  imporcarit nererocyci i c  oxygen-containing 
structures present in the primary coal structure.  

I n  addition t o  the normalized y ie lds  of products based upon character- 

Since 70 eV electron ionization cross 

' 

Therefore, of the weight l o s t  by these two coal samples, 

The data in Table 111 shows t h a t  major differences in 

All other degradation products, with the  exception of the carbon oxides 

.One additional important conclusion which may be drawn concerning 

No oxygen heterocyclic degradation products were observed 
However, 

While i t  

rrnl , ,  I.-..-.-= ..,--- 
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To measure absolute yields for  the major vo la t i l e  degradation 
products l i s t ed  in Table 11, a calibrated gas standard was used t o  ca l ib ra t e  
the (GC)z/MS analysis system. 
range were pyrolyzed a n d  the charac te r i s t ic  ion areas produced from the 
analysis of the pyrolysates were compared t o  t h i s  quantitative gas standard. 
Approximately 50 percent of the coal sample weight was lo s t  when heated under 
the conditions l i s t ed  above. Table IV gives the absolute yields of methane, 
carbon monoxide, carbon dioxide, ethane, carbonyl su l f ide ,  and naphthalene 
determined in th i s  manner. 

As can be seen from Table IV, a major difference observed in the 

Weighed quantit ies of coals in the low milligram 

major degradation products of t h  se t w  coals i s  in the carbon dioxide y ie lds .  
From studies reported by Schaferfll.129 on the pyrolytic y ie lds  of carbon 
dioxide produced from brown coals a t  various degradation temperatures, 
complete decarboxylation of the coals yielding carbon dioxide was observed 
a t  temperatures greater t h a n  700°C. 
monoxide, which i s  a l so  produced with d i f fe ren t  yields from these two coals,  
i s  due t o  phenolic groups present in the coal. 
from the absolute quantit ies of the major degradation products shown i n  Table IV, 
i t  can be seen tha t  n o t  only does Rawhide contain approximately 3 times more 
carboxylic acid groups t h a n  I l l i no i s  KO. 6 ,  b u t  also t n  Rawhide coal,  
these groups comprise approximately 3.7 percent by weight, of the to ta l  coal 
sample. 

I n  addition, he deduced t h a t  carbon 

If t h i s  i s  the case then 
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Table I .  Charoc te r i a t i c  Ion Areas Uearured for the UnJor Inert  Cre Degredetlon Product* vl th  V O l o t J l I t l e s  
Less Ihan or Lgwl t o  Toluene Obtslned from t h e  Py/(CC)'/NS Annalysls o f  IIIlnols No. 6 and 

Rawhide Untreated Coals. --_ - - 
Rete" t1on pe rcen t  

Peak T h e  C h a r a c t e r i s t i c  Uasses of Tota l  
Number ( w n )  De8radat lon Product Used for Q u s n t i t a t i o n  I o n i z a t i o n  I l l i n o i s  No. 6 Rauhlde - 

1 

2 
3 

4 
5 
6 

7 

8 

9 
1 0  
11 

12  

1 3  

14  

I 5  
1 6  

17  

18 

19  

20 

21 

22 
23 

24 

25 
26 

21 

28 

29 

30 
31 
12 
31 
34 

35 
36 
31 
38 

7.8 

7.9 
8 . 2  

11.1 
11.9 
12.5 

12.4 

15.0 

11.8 
12.1 
12 .3  

15 .1  

16.1 

16.3 

16.5 
16.9 

17.4 

18.3 

18.4 

19 .1  

19.2 

18.3 
in.8 

19.6 

21.1 
21.4 

22.4 

23.5 

24.5 

14.L 
14.7 
14.9 
15.2 
15.8 

22.8 
23.2 
23.5 
23.1 

Toluene 

Methyl Thiophenes 
lsnmer PI 
Isomer 12 

- 

-- Dimethyl Benrenea 
Isomer I1 
Isomer 12 
Isomer I 3  

91  - 93  
97 - 99 

91-92. 105-106 

s t y r e n e  77-79. 102-105 

Phenol 65-66. 94-95 

Dl re thy l  Thiophenes 111 - 113 
1eoaer 11 
Isomer 12 
1so-r 13 

Benzofuran and methyl s ty rene  89-90. 111-119 

lndane 115-119 

1nde"E 115-117 

l le thyl  Phenols  77-81, 107-109 
1sorner I1 
Isomer 12 

Hethyl  benzofuran 102-101. 131-133 

Uethyl Indene  115. 127-131 

Oihydronaph tha l ene  115. 127-131 

Naphthalene 126-129 

Benro thiophene 134-136 

Dimethyl phenols  107-108. 121-123 
Isomer 11 
Isomer 12 

O l m t h y l  benzofuran 165-141 

Merhyl Naphrhalene 115. 139-143 
1somr I1 
Isomer I 2  

Acenaphthene or. biphenyl  151-155 

Acenaphthalene or biphenylene 150-153 

Dlbenrofuran 139. 168-170 

Tr Ine thy l  benzenes 105-106. 120 
1svmer I1 
Isomer I 2  
Isomer 13 
Isomer 14  
Isomer 15 

Dimethyl naph tha lenes  141. X5-157 
Isomer  # I  
Isomer 12 and 3 
lsorer 14 
Isomer 15 

- 

60.5 

66.1 

55.3 
55.7 

61.5 

54.7 

39.0 

50.5 

65.5 

58.6 
h7.5 

45.h 

57.9 

56.1 

62.0 

53.9 

51.5 
50.0 

71.1 
67.3 

62.6 

68.6 

69.8 

61.9 

2.91 -f 0.48 

0.341 f 0 .039 .  
0.209 f 0.016 

0.193 f (1.020 
1.063 f 0.16 
0.396 f 0.062 

0.667 f 0.023 

1.139 f 0 .295 

0.109 f 0.016 
0.130 t 0.008 
0.085 t 0.001 

0.562 f 0.068 

0.061 f 0.012 

0.767 f 0.115 

0.673 t 0.26 
2.336 f 0.7h 

0.374 f 0 .Oi l  

0.345 t 0.121 

0.455 f 0.140 

1.000 

0.717 f 0.304 
0.641 t 0.266 

0.120 t 0.021 

0.768 f 0.030 
0.522 f 0.039 

0.140 f 0.006 

0.413 t 0.010 

0.151 f 0.002 

0.171 f 0.011 
0,082 f 0.006 
0.044 f 0.002 
0.255 3 0.031 
0,088 f 0.012 

0.167 f 0.021 
0.312 * 0.068 
0.177 f 0.010 
0.062 t 0.012 

3.16 f 0.53 

0.062 ' 0.015 
0.035 f 0.008 

0.259 0.029 
1.175 * 0,228 
0.486 f 0.096 

0.718 t 0 . m  
1.87 f 0.65 

0.012 f 0.001 
0.017 f 0.007 
0.011 f 0.005 

0.707 i 0.117 

0.052 f 0.009 

0.606 t 0.106 

0.642 t 0.333 
1.923 d 0.959 

0.301 f 0.047 

0.299 * 0.121 

0.425 f 0.144 

1.000 

0.057 ? 0.012 

0.390 f 0.236 
0.434 f 0.242 

0.148 2 0.054 

0.651 t 0.013 
0.512 f 0.036 

0.117 t 0.007 

0.296 f 0.031 

0.191 ! 0.012 

0.236 f 0.023 
0.077 f 0.019 
0.064 t 0.006 
0.251 f 0.053 
0.188 f 0.028 

0.116 10 .003  
0.345 9 0.024 
0.119 f 0.007 
0.066 f 0.006 

Continued 
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Table 1. Continued 

-- .. 
kc ,  r n  t i 0" p e r c e n t  

renk T I w  Gwreeterlstie Hnssea o f  T o t a l  
NUOIWI ( r l l n )  Oe$yadat lon Product Used for Q w n t i f n t i o n  I o n i z e t i o n  l l l i n a l a  No. 6 Rnuhlde 

~- __ . -  

39 
40 

4 1  

42 

4 3  

44 

45  

46 

47 

48  

49 

5 0  

5 1  

52 

5 3  

54 
55 
56 
5 7  
58 

59 
60  
61 
62 
6 3  
64  

65  

66 
6 7  

26.0 
26.3 

28.2 

28.3 

25.5 

9.7 

10.0 

12.8 

13.2 

15.4 

15.7 

17.5 

17.7 

19.5 

19.7 

20.8 
21.0 
21.1 
21.2 
21.4 

22.6 
22.7 
22.8 
22.9 
23.1 
23.2 

27.8 

14.9 
15.6 

Hethyl d lbenrofurans  
Isomer 11 
1soner 12 

Phenanthrene 

An th raeene 

Fluorene  

C -a lkene 

C -a lkane 

C -a lkene 

C -alkane 

C -a lkene 

C -a lkane 

C - a lkene  

C -a lkane 

C -a lkene 

C -a lkane 

10 

1 0  

11 

11 

1 2  

12  

Hcthyl  benrotl,iopl,e"es 
Isomer 11 
Isomer I 2  
Isomer 13 
Isomer 14 
1somr 1s 

Dimethyl benrothlophenes  
Isomer *I 
Isomer 12 
Isomer 13 
Isomer 14 
Isomer I S  
I9omer 16 

Oibenrothiopliene 

Tr ime thy l  thiophenes 
Isomer 11 
Isomer 12  

181-184 

176-179 

176-179 

163-167 

41-43. 55-57 

41-43. 55-57 

41-43. 55-57 

41-43. 55-51 

41-43. 55-57 

41-43. 55-57 

41-43, 55-57 

41-43. 55-57 

41-43. 55-57 

41-43. 55-57 

147-148 

161-163 

184-186 

111. 125-126 

53.9 
63.5 

65.6 

68.6 

78.9 

73.1 

55.7 

48.8 

41.7 
55.5 

58.0 

60.3 

0.092 f 0.005 
1.203 f 0.006 

0.397 t 0.043 

0.141 0.014 

0.344 f 0.006 

0.105 

0.099 

0.091 f 0.006 

0.088 f 0.011 

0.088 f 0.0010 

0.073 f 0.015 

0.075 i 0.002 

0.068 t 0.004 

0.056 t 0.002 

0.094 t 0.033 

0.060 i 0.001 
0.125 t 0.007 
0.094 t 0.020 
0 ,100  f 0.004 
0.017 f 0.006 

0.061 0.009 
0.024 i 0.00s 
0.100 f 0.007 
0.050 f 0.001 
0.039 f 0.005 
0.022 f 0.003 

0.091 t 0.003 

0.094 f 0.037 
0.034 t 0.012 

0.083 i 0.001 
0.131 2 0.003 

0.258 t 0.051 

0.087 i 0.017 

0.286 t 0.017 

0.229 t 0.064 

0.128 t 0.007 

0.214 2 0.065 

0.127 i 0.009 

0.235 t 0.070 

0.119 f 0.004 

0.187 f 0.042 

0.116 f 0.000 

0.152 t 0.033 

0.106 f 0.005 

0.010 f 0.004 
0.018 t 0.007 
0.018 i 0.005 
0.016 t 0.005 
0.003 

0.0038 
0.0164 
0.0066 
0.0027 
0.0044 
0.0091 
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Table 2. C h a r a c t e r i s t i c  I o n   area^ Measured f o r  the  Hajor Inert Cas Degradat ion  Producta w i t h  Volatilities 
Grea ter .  than  Toluene Obta ined  from the'PyI(CC)21HE Analysis of I l l i n o i s  No. h ,  and Rawhide 
Urreated Coal.. 

-__ 
P.rrention percent 

Peak Tine a t  c h a r a c t e r i s t i c  nasaes of T O C ~ ~  
Number Olln)  Degradat ion  P r o d u c t  Used f o r  q u a n t i r a t i o n  Ioniratlon I l l i n o i B  No. 6 Rnwh 1 d e  

__ __ 
68 

69 

10 

7 1  

72 

7 3  

74 

15 

1 6  

1 7  

78  

19 
80 

81 

82  

83 

84  

85 

4.9 

4.9 

5.1 

5.0 

5 . 2  

5.7 

6 . 0  

5.2 

5 . 2  

8.9 
9 . 1  

9 .3  

12 .5  

1 3 . 6  

9 .3  

14.5 

Hethanc 15-16 

Carbon llonoxide 2 8  

Carbon Dioxide 44  

Ethylene  

Ethane 

Propene 

Propane 

Butene 

No Unique Passes 

30 

42  

No Unique Masses 

55-56 

Butndiene 53-54 

COS 6 0  

H2S 34 

Hethyl bu tad ienes  67-68 
Isomer I1 
Isomer 12 

Cyclopentediene  65-66 

Cyclohexadienc (2 isome;.) 77-80 

Benzene 77-79 

c s 2  

Thiophene 

76.32 

45.58.84 

81.1 

.90.0 

60.2 

*13.5 

*19.7 

*20.0 

'39.1 

44.5 

*51.8 

*34.7 

*57.4 

*73.9 

t 6 3 . 6  

t78.7 

60.5 

38.8 t 1.6 

25.2 f 744 

7.75 t 1.06 

0.78 t 0.05 

0.99 f 0.00 

0.60 f 0.02 

0.55 f 0.08  

0 .46  t 0.06 

0.56 f 0.20 

0.11 
0.19 0.03 

0.66 t 0.04 

0.45 t 0.05 

2.34 f 0.01 

0.38 f 0.08 

0.32 f 0.02 

48.5 t 14.8  

63.2 f 12.0 

32.1 t 9.1 

0.60 f 0.13 

1.03 f 0.01 

0.58 f 0.04 

0.56 t 0.08 

0.09 f 0.01  

0 .051  
0.10 t 0.02 

0.61 t 0.04 

0.34 t 0.01 

2.62 t 0.08 

-- 
__ 

* Percent of T o t a l  I o n i r a t i o n  o b t a i n e d  from Reference 21. 

** Coal pyr'01y*i9 OCEUrs et  2.0 minutes. 

115 



Table 3. Cornpariaon of c l a s s e s  of p y r o l y s a t e s  l i s t e d  i n  T a b l e s  1 and 2 
in the  inert gea degrada t ion  o f  u n t r e a t e d  c o a l s .  

Compound e l s s a  

a l k y l  benzenes* 

polynuclear  armaCLc hydrocarbons 

banrofurana*  

phenols  

th iophenes  

benzoth iophsncs  

s1lierne3 (C8-cl2) 

a l k a n e s  (C8-CI2) 

a l k a n e s  (C3-C6) 

Characteristic Ion  
Yie lds  ( R e l a t i v e  to Naphthalene1 

I l l i n o i s  No. 6 

8.21 9.23 

6.13 5.26 

0.95 0.85 

5.51 5.26 

1.32 0.16 

1.01 0.17 

0.42 0.60 
0.42 1.02 

3.s5 3.30 

*Exclus ive  of benzofuran  and methyl s t y r e n e  

Table 4 .  Q u a n t a t s t i v a  y i e l d  of major v o l a t i l s  d e g r a d a t i o n  producta  fomed 
in the i n e r t  gas  d e g r n d a r i m  of u n t r e a t e d  c o a l s .  

r q r a d a t i o n  Product  

Hethane 

Carbon ELOnoxide 

Carbon Dioxins 

Ethane 

Carbonyl S u l f i d e  

Naphthalene 

Yie ld  (miero~ram/mi l l ig ram)  
I l l i n o i s  No. 6 Rawhide 

11.9 t 0.3 10.6 t 1.0 

8.0 f 0.7 14.6 t 3.1 

12.4 t 1.5 36.6 t 4.6 

4.2 t 0.2 2.4 f Q.5 

2.5 t 0.2 0.3 f 0.0 

1.2 2 0.0 0.9 5 0.4 
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Figure 1. Campnpsrlson of pyrolysates from untreated coals. 
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Flgure 1. (contlnucd) 
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Moss 108 
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Mosses 35-450 

Methyl Phenols L * h  

Phenol \ 

15 16 17 18 19 20 21 

110 
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Plgura 3. Inonclric d1apl.y of ~a~.l l ie# 90-110 i n  the rerentlon tine region of phenol and methyl phenol. 
produced I n  the inerr gam degradation of I l l l n o l a  NO. 6 ~ 0 . 1 .  
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Morser lO-45(  

Masses 10-451 

-70 
I l l ino is  No.6 

I 

83 "/h--rr--- 
1-70 

Rawhide 

83 *$----- 
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4 6 8 IO I2 14 16 18 20 22 : 
Time. rnin 

Figure 4. Comparison of Hasscs 10-150 total ion chromatograms of  volatile pyrolysates 
from untreated coals. 

\\ Y \ =  e- / 

I W  IYW zie 220 230 240 250 260 270 zae SCRN 

Figure 5. Isometric display of Hasies 10-46 in the retention r ime  region of vololilc pyrolynares 
produced In the Inert g m  degradat ion of Illinois No, 6 coal. 
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Mosses 46-45C 

MOSS88 46-490 

Illinois No. 6 

;; 82 

I 

Rawhide -2 I 

9 h 5 

Time, min 
Figure 7 .  Comparison of Massea 4 6 - 0 0  total Ion chrooato8r.m of untreated coals. 

A r r o w  Indicate # l g n l T i ~ m c  *isual dlfferencce betwen rhe two ample. .  

120 



EFFECTS OF CALCIUM MINERALS ON THE R A P I D  PYROLYSIS OF A BITUMINOUS COAL 

Howard D. F rank l i n ,  W i l l i a m  A. Peters ,  Jack B. Howard 

Department of Chemical Engineer ing and Energy Laboratory ,  
Massachusetts I n s t i t u t e  o f  Technology, Cambridge, Mass. 02139 

I NTROOUCTI ON 

Previous research a t  M.I.T. on r a p i d  coa l  p y r o l y s i s  has d e a l t  w i t h  
the k i n e t i c s  o f  e v o l u t i o n  o f  i n d i v i d u a l  products  as a f u n c t i o n  o f  
temperature, pressure, p a r t i c l e  s i ze ,  r e a c t i v e  gas, and coa l  t ype  (1-5) .  
Since recent  s tud ies  elsewhere have shown t h a t  c e r t a i n  m ine ra l s  o c c u r r i n g  
i n  coal a f f e c t  s i g n i f i c a n t l y  o the r  types o f  coal  conversion reac t i ons ,  
the present study was undertaken t o  determine what e f f e c t s  these m ine ra l s  
may have on r a p i d  coa l  p y r o l y s i s .  T h i s  paper presents  r e s u l t s  on t h e  
pret reatment  o f  coa l  w i t h  c a l c i t e  (CaC03) and l ime  (CaO). These m ine ra l s  
have already been shown t o  i n f l u e n c e  f l u id i zed -bed  p y r o l y s i s  (6), steam 
g a s i f i c a t i o n  (7,8,9), and C02 g a s i f i c a t i o n  ( 1 0 , l l )  o f  coal .  
obta ined w i t h  o the r  m ine ra l  a d d i t i v e s  w i l l  be repo r ted  l a t e r .  

EXPERIMENTAL 

The coal used was a P i t t s b u r g h  No. 8 Seam bituminous coal  (Table 1) 
The n a t i v e  m ine ra l  ma t te r  was 

Resul ts  

ground t o  -270+325 mesh (45-53 pm d ia . ) .  
removed from the sample by e x t r a c t i o n  w i t h  HF and HC1 fo l lowed by 
f l o a t - s i n k  se a ra t i on ,  r e s u l t i n g  i n  a coa l  c o n t a i n i n g  4.3 percent  by 
weight minera? ma t te r ,  most of it p y r i t e .  The demine ra l i za t i on  procedure 
was shown t o  have no e f f e c t  on t h e  subsequent p y r o l y s i s  behavior o f  t h e  
coal  (12) .  
water w i t h  0.1 diameter c a l c i t e  g ra ins  f o r  24 hours and d r i e d  a t  room 
temperature. 
by weight CaC03. 
t r e a t e d  w i t h  CaO, r e s u l t i n g  i n  a sample c o n t a i n i n g  5.9 percent  by weight 
o f  a m ix tu re  c o n s i s t i n g  o f  74 pe rcen t  Ca(OH)2 and 26 percent  CaCO . 
D e t a i l s  of t he  pret reatment  procedures are descr ibed elsewhere (13). 

A f r a c t i o n  of t he  deminera l ized sample was c o - s l u r r i e d  i n  

The r e s u l t i n g  m ine ra l - t rea ted  coa l  conta ined 20.2 pe rcen t  
A second f r a c t i o n  o f  deminera l ized c o a l  was s i m i l a r l y  

The p y r o l y s i s  apparatus (F ig .  1) and procedures have been descr ibed 
p r e v i o u s l y  (2,12,13). B r i e f l y ,  a t h i n  h o r i z o n t a l  l a y e r  o f  coa l  (e15 mg) 
i s  sandwiched between the  fo lds  o f  a 325 US mesh s t a i n l e s s  s t e e l  screen 
he ld  between two e lect rodes i n  e i t h e r  a l eng th  o f  g lass  p ipe  or  a 
s t a i n l e s s  s tee l  pressure vessel. 
hea t ing  the  s,creen. The vessel and i t s  gaseous contents  remain a t  Close 
t o  room temperature throughout ' t h e  run, and thus the  v o l a t i l e s  a re  
quenched almost instantaneously  on escape fran the  coa l  p a r t i c l e s .  The 
e n t i r e  time-temperature h i s t o r y  o f  t h e  sample i s  recorded by use o f  a 
chrcmel-alumel thermocouple ( 7 5  um bead d iameter)  pos i t i oned  w i t h i n  t h e  
f o l d s  of the screen a longside t h e  coal p a r t i c l e s .  Heat t r a n s f e r  
c a l c u l a t i o n s  show t h a t  a t  pressures o f  1 atm and hea t ing  r a t e s  o f  1000 
K / s  o r  less, coal p a r t i c l e s  and thermocouple beads 80 um o r  l ess  i n  
diameter c l o s e l y  f o l l o w  the  temperature o f  t he  screen and are s p a t i a l l y  
i s o t h e m a l .  

The coal  i s  heated by e l e c t r i c a l l y  
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A l l  r e a c t i o n  products  were c o l l e c t e d .  Gases and low b o i l i n g  l i q u i d s  
were trapped on l i p o p h i l i c  sorbents and subsequently analyzed by gas 
chromatography. Char was determined g r a v i m e t r i c a l l y ,  and was f u r t h e r  
cha rac te r i zed  by elemental analys is .  
was c o l l e c t e d  on a f i l t e r  a t  the r e a c t o r  o u t l e t  and by a methylene 
c h l o r i d e  wash o f  t he  r e a c t o r  i n t e r n a l s ,  and i t s  y i e l d  was determined 
g r a v i m e t r i c a l l y .  To ta l  m a t e r i a l  balances u s u a l l y  exceeded 95 percent .  

Tar  ( roan temperature condensib les)  

A l l  runs were performed a t  hea t ing  r a t e s  o f  1000 K / s  w i t h  h o l d i n g  
t imes o f  0 o r  5 s a t  the maximum temperature a t t a i n e d  and c o o l i n g  r a t e s  
o f  about 200 K / s .  
o n l y  to  t h e  parent  sample s ince  the  v o l a t i l e s ,  once formed, r a p i d l y  
escape the  sample and are quenched as mentioned above. 
c a l c i t e - p r e t r e a t e d  samples were heated i n  1 atm He t o  temperatures 
between 800 and 1400 K .  Other deminera l ized as w e l l  as l ime-pret reated 
samples were heated i n  He a t  1 a t m  o r  69 atm t o  temperatures i n  t h e  range 
1050-1300 K .  

RESULTS 

These elements o f  t he  t ime-temperature h i s t o r y  p e r t a i n  

Demineral ized and 

To ta l  y i e l d s  o f  v o l a t i l e  products  from deminera l ized and 
c a l c i t e - p r e t r e a t e d  coa ls  pyro lyzed i n  1 atm He f o r  5 s ho ld ing  t ime runs 
are shown i n  F i g .  2 .  The c a l c i t e - p r e t r e a t e d  sample had lower weight 
losses, and hence h ighe r  char y i e l d s ,  than d id  the  deminera l ized sample. 
Tar y i e l d s  were g r e a t l y  reduced i n  the  presence o f  CaC03, as shown i n  
F ig .  3. The CaC03-pretreated coal  had a h igh  temperature t a r  y i e l d  o f  22 
percent  by  weight  c h m f  coa l ,  as compared w i t h  a y i e l d  o f  30 percent by 
weight dmmf coa l  fran the  deminera l ized sample. Y ie lds o f  l i g h t e r  
hydrocarbons were a l so  reduced i n  the c a l c i t e - p r e t r e a t e d  sample, a l though 
t o  a lesser  e x t e n t  than were y i e l d s  o f  t a r .  
i n  F i g .  4, are t y p i c a l  f o r  those o f  t he  l i g h t  hydrocarbon gases. 
e f f e c t  o f  CaC03 on these products mani fested i t s e l f  on ly  a t  temperatures 
above 1200 K f o r  5 s h o l d i n g  time runs. 

products, y i e l d s  of carbon oxides were s t r o n g l y  enhanced. Carbon 
monoxide y i e l d s ,  shown i n  F i g .  5, were l a r g e r  f o r  t h e  CaCO3-pretreated 
coal than f o r  deminera l ized coal  f o r  a l l  1000 K and h ighe r  runs. A t  t he  
l i m i t  of 1300 K, the y i e l d s  were t h r e e  t imes those from the  demineral ized 
sample. 
i n  F igs .  6 and 7, r e s p e c t i v e l y .  
d m i n e r a l  i zed  and CaC03-pretreated coals ,  uncorrected f o r  m ine ra l  
carbonate decomposit ion. 
CaCO 
weigzt  h m f  coal are shown on the same graphs f o r  comparison. The h igh 
temperature, 5 s ho ld ing  t ime y i e l d s  of CO2 fran c a l c i t e - p r e t r e a t e d  Coal 
are approx imate ly  equal t o  those obta ined f ron  pure c a l c i t e  m ine ra l  under 
the  same cond i t i ons .  For 0 s ho ld ing  t imes o r  low temperatures, however, 
y i e l d s  fran the  CaC0-j p re t rea ted  sample were much h ighe r  than the  
combined y i e l d s  o f  CO2 from separate p y r o l y s i s  o f  deminera l ized coa l  and 
s...8-ab~ .it ~ q u i v a ; r ~ ~ i  cur id i i iuns.  
c a l c i t e - p r e t r e a t e d  coa l  have i n  f a c t  a l ready  reached an asymptote i n  the 
1050-1200 K range, where t h e  r a t e  of C02 e v o l u t i o n  from c a l c i t e  i t s e l f  i s  
a t  i t s  maximm. These r e s u l t s  a l l  seem t o  i n d i c a t e  t h a t  c a l c i t e  i n  the  

The r e s u l t s  f o r  CH4, shown 
The 

While a d d i t i o n  o f  CaC0-j t o  coal  reduced the  y i e l d s  o f  a l l  hydrocarbon 

Yie lds o f  CO2 f o r  both 5 s and 0 s ho ld ing  t ime runs are shown 
These p l o t s  show y i e l d s  o f  CO2 from 

Y ie lds  o f  CO2 f rom p y r o l y s i s  o f  samples o f  pure 
under the  same cond i t i ons  and conver ted t o  a bas i s  o f  percent  by 

--1.-;+- Tne i u p  y i e i d s  i n  5 s runs from 
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Presence of coal decomposes y i e l d i n g  C O z  a t  lower temperatures than i t  
would when pyro lyzed alone. 

are shown i n  F ig .  8. 
H, o r  0 )  i n  the o r i g i n a l  coal sample t h a t  i s  r e t a i n e d  i n  t h e  char. 
fran c a l c i t e - p r e t r e a t e d  coa l  have g rea te r  r e t e n t i o n s  o f  carbon and 
hydrogen, and much lesse r  r e t e n t i o n s  o f  oxygen, than do chars from 
deminera l ized coa l .  

Elemental composit ions o f  chars r e s u l t i n g  from 5 s ho ld ing  t ime runs 
Data are p l o t t e d  as the percent  o f  t h e  element ( c ,  

Chars 

I n  Table 2, y i e l d s  from p y r o l y s i s  o f  CaO-pretreated coa l  a t  1 atm and 
69 atm He are canpared w i t h  those fran deminera l ized coa l  under s i m i l a r  
cond i t i ons .  Since product y i e l d s  are temperature independent f o r  5 s 
h o l d i n g  t ime runs a t  h i g h  temperatures, r e s u l t s  f o r  severa l  runs have 
been grouped toge the r  and repo r ted  by means o f  an average value and a 
standard dev ia t i on .  
on hydrocarbon y i e l d s  a re  s i m i l a r .  
gave a much h ighe r  CO y i e l d  than d i d  the  CaO-pretreated Sample. 

The e f fec ts  of CaO p r e t r e a t i n g  and CaC03 p r e t r e a t i n g  
The CaC03-pretreated sample, however, 

Fewer runs were done a t  69 atm than a t  1 atm, and the standard 
These dev ia t i ons  are thus much l a r g e r  f o r  t he  h i g h  pressure data.  

u n c e r t a i n t i e s  tend t o  reduce the  s i g i f i c a n c e  o f  t he  e f f e c t s  observed f o r  
CaO a d d i t i o n  t o  coa ls  pyro lyzed a t  69 atm. 
ve ry  s i m i l a r  t o  those seen f o r  p y r o l y s i s  a t  1 atm. The e f f e c t  on t a r  o f  
CaO a d d i t i o n  tends t o  be obscured a t  the h ighe r  pressure s ince,  as can be 
seen I n  the tab le ,  increased pressure i t s e l f  leads t o  decreased t a r  
y i e l d s  and hence t o  l ess  oppor tun i t y  f o r  an enhancement o f  t a r  c r a c k i n g  
by CaO. 

These e f f e c t s  are, however, 

D I S C U S S I O N  

The y i e l d s  from coal  samples p r e t r e a t e d  w i t h  c a l c i t e  and those 
p re t rea ted  w i t h  l ime  a re  q u i t e  s i m i l a r .  Th is  i s  c o n s i s t e n t  w i t h  t h e  
i n d i c a t i o n  i n  F igs.  6 and 7 t h a t  f o r  most runs conducted w i t h  c a l c i t e  
p re t rea ted  coal ,  t he  CaCO deranposed t o  CaO. Thus, l ime i s  the  l i k e l y  
a c t i v e  species f o r  t he  e f?ec ts  observed i n  e i t h e r  c o a l .  

Add i t i on  o f  CaC03 t o  coa l  reduces the y i e l d s  o f  a l l  v o l a t i l e  
hydrocarbon products .  
reduced cons ide rab ly  a t  temperatures above 900 K f o r  5 s h o l d i n g  t ime  
runs, w h i l e  y i e l d s  o f  l i g h t e r  products  are reduced t o  a l esse r  ex ten t ,  
and on ly  a t  temperatures above 1200 K .  
c a t a l y s i s  by CaO o f  secondary hydrocarbon crackinglrepolymerization 
reac t i ons ,  a conc lus ion  cons is ten t  w i t h  r e s u l t s  o f  o the r  work. Yeboah 
- a l .  (6 )  showed t h a t  a d d i t i o n  o f  ca l c ined  dolomi te o r  l imestone t o  a 
f l u id i zed -bed  coa l  py ro l yze r  reduces t a r  y i e l d s .  No reduc t i on  i n  l i g h t  
hydrocarbon y i e l d s  was seen, b u t  temperatures i n  t h a t  study d i d  n o t  
exceed 1050 K .  Solano e t  a l .  (14)  showed t h a t  c a l c i t e  promotes CH4 
c r a c k i n  
p a r t i c u y a r l y  a c t i v e  f o r  t h e  c rack ing  o f  s i n g l e - r i n g  aromatic compounds. 
The l a t t e r  r e s u l t  may account f o r  t he  much l a r g e r  reduc t i on  of 
a romat i c - r i ch  l i q u i d s  obta ined by adding c a l c i t e ,  as compared w i t h  t h e  
reduc t i on  o f  l i g h t  a l i p h a t i c  gas products .  
t o  CO as w e l l ,  and thus t h e  amount by which t a r  hydrocarbon c rack ing  
exceeds l i g h t  hydrocarbon gas reduc t i on  i s  unc lear .  Since a l l  v o l a t i l e  

Y ie lds  o f  heavy hydrocarbons such as t a r  are 

These r e s u l t s  p o i n t  t o  a 

t o  char a t  1 2 0 r K T w h i l e  Mead ( 1 5 )  observed t h a t  l ime  i s  

Sane o f  t he  t a r  i s  conver ted 
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hydrocarbon product  y i e l d s  are reduced by CaO, the  r e s u l t i n g  c rack ing  
products must i n  a l l  cases i nc lude  char  and H2. Char y i e l d s  are indeed 
h igher  f o r  the c a l c i t e - p r e t r e a t e d  c o a l  (F ig .  2 ) ,  and carbon and hydrogen 
r e t e n t i o n  i n  t h i s  char  i s  h ighe r  than i t  i s  i n  deminera l ized coa l  ( F i  . 

H i  h temperature H2 y i e l d s  are a l so  h ighe r  f o r  c a l c i t e - p r e t r e a t e i  
; k l s  (?2 ) .  Hydrocarbon y i e l d  reduc t i ons  were almost i d e n t i c a l  f o r  both 
c a l c i t e -  and l ime-p re t rea ted  samples, desp i te  t h e  f a c t  t h a t  t h e  former 
sample had almost f o u r  t imes as much ca l c ium as t h e  l a t t e r .  T h i s  would 
seem t o  p o i n t  t o  t h e  presence o f  a s a t u r a t i o n  e f f e c t  f o r  CaO c a t a l y s i s  o f  
hydrocarbon c r a c k i n g  . 

The C02 e v o l u t i o n  data, shown’ i n  F igs.  6 and 7, seem t o  i n d i c a t e  t h a t  
t h e  presence o f  coal i n  some way ca ta l yzes  the  decomposit ion o f  CaC03 t o  
CaO and Cop.  
s tud ies  d e a l i n g  w i t h  d i f f e r e n t  carbon-carbonate systems. 
pyro lyzed m ix tu res  o f  g raph i te  and a l k a l i n e  e a r t h  carbonates under He and 
cO2 atmospheres i n  a thermograv imetr ic  analyzer .  
m ix tu res  i n  he l ium occurred a t  temperatures much lower than t h e  
decanposi t ion temperature o f  t h e  carbonates alone. 
on the degree o f  weight  l oss  observed, t h a t  t he  carbonates r e a c t  w i t h  
g r a p h i t i c  carbon y i e l d i n g  the  corresponding ox ide  and CO. No ana lys i s  o f  
t h e  e x i t  gas was conducted t o  v e r i f y  t he  p 
(16 )  heated m ix tu res  o f  I l l i n o i s  coa l  and lifC l abe led  K2CO a t  775 K.  
The carbonate deccmposed c a n p l e t e l y  t o  C02 under these cond i t i ons ,  and no 
carbonate carbon was detected as e i t h e r  CO o r  hydrocarbon products .  
decomposit ion temperature of pure K2CO3 i s  w e l l  above 775 K. The authors 
proposed t h a t  a r e a c t i o n  o f  K2CO3 w i t h  t h e  coal forms a su r face  complex 
and C02, a mechanism said t o  generate wel l -d ispersed a c t i v e  s i t e s  f o r  
c a t a l y s i s  of subsequent reac t i ons  of the coal  o r  char. Th i s  hypothes is  
i s  cons i s ten t  w i t h  the d a t a  o f  t he  present  work, a l though the mechanism 
f o r  t h e  apparent s o l i d - s o l i d  r e a c t i o n  i s  no t  y e t  wel l -estab l ished.  One 
p o s s i b i l i t y  m igh t  be the  r e a c t i o n  o f  carbonates w i t h  t h e  pheno l i c  groups 
i n  coal (21 ) .  
t h a t  C02 g a s i f i c a t i o n  r a t e s  of  chars c o r r e l a t e  w i t h  the  cross c o r r e l a t i o n  
of char oxygen and ca lc ium contents, an i n d i c a t i o n  o f  a 
c a l c  i umlcoal -oxygen g a s i f i c a t i o n  s i t e .  

S i m i l a r  r e s u l t s  have been observed i n  two o the r  recen t  
McKee (11) 

Weight loss o f  these 

He postu la ted,  based 

sence o f  CO. Other workers 

The 

T h i s  would agree w i t h  the  f i n d i n g  of Sears gt. (10)  

CaC03-pretreated sampies gave cons ide rab ly  h ighe r  y i e l d s  o f  CO than 
d i d  deminera l ized samples. C02 y i e l d s  from c a l c i t e - p r e t r e a t e d  coals  
a re  always g rea te r  than o r  equal t o  C02 y i e l d s  from c a l c i t e  m ine ra l  a t  
corresponding c o n d i t i o n s ,  and hence t h e  excess CO cannot be expla ined by 
P o s t u l a t i n g  r e a c t i o n s  of carbonate CO2 w i t h  t h e  coal  o r  i t s  v o l a t i l e  
products. 
add i t i on ,  thus r u l i n g  out  steam g a s i f i c a t i o n  as a source o f  t he  excess 
CO. The oxygen i n  t h i s  excess CO i s  t h e r e f o r e  organic  i n  o r i g i n ,  and i s  
der ived f rom oxygen groups t h a t  end up i n  the t a r  and cha r  f r a c t i o n s  i n  
den ice ra l i zed  c o a l  p y r o l y s i s .  Most organic  oxygen i n  b i tuminous coa ls  i s  
phenol ic  (17), and t h i s  phenomenon must t h e r e f o r e  be examined i n  terms o f  
deconposi t ion mechanisms f o r  t h e  pheno l i c  groups i n  coa l .  

obta ined by Cypr \es and co-workers (18,19,20) i n  a study o 
p y r o l y s i s  o f  phenol c reso ls ,  and xy leno ls  us ing  3H- and 1 4 C -  l abe led  
compounds. 
dibenzofuran p l u s  water and Hp. 

H20 y i e l d s  (no t  p l o t t e d )  were a l so  increased by  c a l c i t e  

E ? , i A o n r n  +h.+ - L - - - 7  A_-.- ..... .--..-- * I . Y C  v ~ o ~ ~ ~ ~  I UCLUIO,,UX> a;utiy iwu p a r a i i e i  parnways was 
the r a p i d  

One pathway i s  a condensation o f  two phenol molecules t o  form 
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on 

Dibenzofuran i s  i t s e l f  stable a t  temperatures u p  to  1150 K. This 
reaction i s  important a t  low temperatures (920-1020 K )  a t  which phenol 
Jus t  s t a r t s  to decompose, but accounts for  only a small fraction of the 
phenol pyrolysis t h a t  occurs a t  higher temperatures. A t  temperatures 
above 1020 K ,  the major pathway is unimolecular decomposition by way of a 
keto-enol sh i f t  t o  e i the r  H20 and benzene, or t o  CO and  a C -  moiety which 
would then further condense t o  t e t r a l i n ,  naphthalene, and uytimately char.  

The C O  pathway i s  preferred,  the  molar r a t io  o f  CO/H20 generated a t  1120 
K being 1.7/1. 

Assuming t h i s  mechanism f o r  decomposition of phenolic groups i n  coal, 
the e f fec t  of CaC03 addition i s  predictable.  
decomposition t o  C O ,  the keto-enol s h i f t ,  is  a strongly base catalyzed 
reaction and the CaO generated by ca l c i t e  decomposition i s  a strong solid 
base. Calcium carbonate or oxide addition will thus promote the  
decanposition of phenolics t o  CO a t  the expense of t he i r  evaporation as 
components of  t a r ,  o r  t he i r  condensation t o  species such as polycyclic 
furans, which remain in the char. 
also be cracked by CaO, which has been shown t o  strongly catalyze the 
cracking of furan i t s e l f  ( 1 5 ) .  
supported by the resu l t s  in Fig. 8,  which show a much lower retention o f  
oxygen in chars fran calcite-pretreated coal than in chars from 
demineralized coal. 
the small absolute t a r  yields.  

The i n i t i a l  step of t h e  

Any of the l a t t e r  compounds formed may 

These proposed mechanisms are a l l  

Tar oxygen contents could not  be obtained owing to  
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These r e su l t s  seem t o  conf l ic t  with a previous study on fluidized-bed 
pyrolysis of coal ( 6 )  which showed tha t  CO yields fran bituminous coal 
were lower when lime was used as the f lu id iz ing  medium t h a n  when sand was 
used. This apparent discrepancy can be explained by the differing 
conditions present in the two reactors. The temperatures in the 
fluidized bed were below 1050 K ,  where CaC03 rather than CaO i s  the 
stable species. 
a secondary reaction independent of the pyrolysis. 
were reduced t h r o u g h  the  water-gas sh i f t  which was important i n  the 
fluidized bed where the vola t i les  were not  immediately quenched. These 
gas-phase secondary reaction e f fec ts  would mask any ef fec ts  of the lime 
on the pyrolysis i t s e l f .  

Consequently, the lime removed C O 2  fran the gas phase in 
As a resu l t  C O  yields 

T h e  calcite-pretreated sample gave much larger CO yields t h a n  did the 
lime pretreated sample. This behavior can probably b e  explained by the 
f a c t  tha t  there was 3.8 times as much Ca in the former sample as i n  the 
l a t t e r .  
mineral-pretreated sample less the yield from demineralized coal,  i s  4 .4  
times as great for  the calcite-pretreated sample as fo r  the  
lime-pretreated sample. 
CO and Ca content might be due t o  an association of CaO molecules with 
the phenolic groups, e i ther  during pretreatment ( fo r  the lime-pretreated 
coal) or by reaction of CaC03 with the phenolic groups ( fo r  the  
c a1 c i t  e-pr e t r  ea t ed c oa 1 ) . 
CONCLUSIONS 

The excess CO y ie ld ,  t h a t  i s  CO yield fran the  

This almost l inear relationship between excess 

Addition of CaC03 or CaO t o  coal reduces the high temperature yield 
o f  hydrocarbon products and increases the yield- of C O  in rapid coal 
pyrolysis. The former e f fec t  i s  probably a t t r ibu tab le  to lime-catalyzed 
secondary cracking reactions,  while the l a t t e r  r e su l t s  from base 
catalysis of a step in the decanposition of t h e  phenolic groups. 
in the presence of coal decomposes t o  lime and C02 a t  lower temperatures 
t h a n  i t  will  when pyrolyzed alone. 

ACKNOWLEDGEMENTS 

Calcite 

Frank Cariello obtained the data on CaO and CaC03 pretreated coal 
sanples. 
Department of Energy, under Contract EX-76-A-01-2295, Task Order No. 26. 

R E F E R E N C E S  

1. 

2 .  Suuberg E . M . ,  Peters W . A . ,  Howard J.B., Ind. and  Eng.  Chem. Proc. 

This work was supported by a grant fran the United States 

Anthony D.B., Howard J.B., AIChE J. 22, 625 (1976). 

Des. and Dev. 17, 37 (1978). 

3. Suuberg E . M . ,  Peters W . A . ,  Howard J.B., Proc. 1 7 t h  Smp. 
( In te rna t iona l )  on Combustion, p. 117, The Combustion Ins t i t u t e ,  
Pittsburgn ra,  ( i r i r ) .  

4. Suuberg E . M . ,  Peters W.A.,  Howard J.B., ACS Adv. in Chem. Ser. 183, 
239 (1979). 

126 



5. 

6. 

7 .  

8. 

9 .  

Suuberg E.M., Peters  W.A., Howard J.B., Fuel 59, 405 (1980). 

Yeboah Y.D., Longwell J.P., Howard J.B., Peters  W.A., Ind. and Eng. 
Chem. Proc. Des. and Dev. 19. 646 (1980). 

Haynes W.P., Gasior S.J., Forney A.J., ACS Div. o f  Fuel Chem. P r e p .  
- 18(2) ,  1 (1973). 

Forney A.J., Haynes W.P., Gasior S.J., Kenney R.F., ACS Div .  o f  Fuel 
Chm. Prepr. 2 ( I ) ,  111 ( 1 9 7 4 ) .  

Feldmann H.F., Chauhan S.P., Longanbach J.R., Hissong D.W., Conkle 
H.N., Curran L.M., Jenkins D.M., B a t t e l l e  Colunbus Labora to r ies  
Report BMI-1986 (1977). 

10. Sears J.T., Mura l idhara H.S., Wen C.Y . ,  Ind.  and Eng. Chem. Proc. 
Des. and Dev. 19, 358 (1980). 

11. McKee D.W., Fuel 9, 308 (1980). 

1 2 .  F r a n k l i n  H.D., PhD Thesis Dept. o f  Chm. Eng. Mass. I n s t .  o f  Tech. 
(1980). 

13. Anthony D.B., Howard J.B., Meissner H.P., H o t t e l  H.C., Rev. Sc 

14. Solano A.L., Mahajan O.P., Walker P.L., Fuel 56, 452 (1977). 

15. Mead D.W., M.S. Thesis Dept. o f  Chem. Eng. Mass. I n s t .  o f  Tech 

16. Mims C.A., Pabst J.K., ACS Div. o f  Fuel Chem. Prepr. 25 ( 3 ) ,  258 

17 .  Yarzab R.J., Abdel-Baset Z., Given P.H., Geochim. e t  Cosmochim. Acta 

18. Cypr\es R., Bet tens B., Tetrahedron 30, 1253 (1974). 

19. Cypr\es R., Bet tens B., Tetrahedron 2, 353 (1975). 

20. Cypr& R., Bettens B., Tetrahedron 2, 359 (1975). 

21. Mims C.A., personal  canmunication (1980). 

Instrum. 45, 992 ( 1 9 7 4 ) .  

(1979). 

(1980). 

- 43, 281 (1979). 

127 



1 

128 



- - - - 2- - - - - - - 
c E  

/ 

DEMINERALIZED COAL*- 
CaC03 PRETREATED COALC- - 

3 20 

I O  I5l 5 

01 I I I I I I I J 
700 800 900 1000 I100 1200 1300 1400 

TEMPERATURE-K 

Fig. 2 T o t a l  Y i e l d  of V o l a t i l e s  from P y r o l y s i s  i n  1 atm He 
o f  D e m i n e r a l i z e d  and  CaC03 T r e a t e d  Coals, 5 s 
H o l d i n g  Times .  

30 

25- 

2 0  

- 

H 
n 

8 

I- I 

I I I I 

I 

I 

I 

- 

5 15- 

DEMINERALIZED COAL*  - 
IO I CaCO, PRETEEATED COALC -- - 

0 
700 800 900 1000 1100 1200 1300 1400 

TEMPERATURE - K 
Fig.3 Yiele o f  Tar f r o m  P y r o l y s i s  i n  1 a t m  He of 

D c m i n c r a l i z c d  and  C a m 3  T r e a t e d  Coals, 5 s 
H o l d i n g  Times .  

129 



4.0 
I 

I I I I I I I 
9 -  DEMINERALIZED COAL* -- 

1.5 

I .o 

0.5 

4 

0 * '  i I I I 1 - 1  I 

0 - 
* *  

- 

- 

- 

- 

DEMINERALIZED COAL - - 
COCO3 PRETREATED COALc 

- 

- 

0. O L  I I 
i C 0  800 900 1000 1100 1200 1300 1400 

T.EMPERATURE- K 
Fig. 4 Y i e l d  o f  Methane  f r o m  P y r o l y s i s  i n  1 atrr. H e  of 

Demineralized and 5C03 Treated a d s ,  5 of 
l i o l a i n g  T imes .  

/ 
/ 

TEMP E F? AT U 17E - K 
F i g .  5 Y i e l d  of Carbon Ho!ioxidc f rom Pyrolysis i n  1 a t m  

lie of Dcn l inc ra i i zcd  and COCO;$ Trcotlfd Cools, 5 s 
Hold ing  T i m e s .  

130 



I I I I I I T  

13.5 DEMINERALIZED COAL 4 - 

I I I I I I I 

13.5 - DEMINERALIZED COAL 0 - 
LL CaC03PRETREATED COALC -- 
2 120- CaC03 MINERAL + -.- 
I 

10.5- 
s 

9.0- 
52 
x 7 .5 -  

n 

- 

- 

- 
C /---7 - 
, /NC 1 
" i 

6.0- 'c / 
E/ ++/ + 

- 

o_ / - 
/ 0 

4.5- 

" 3.0- 

1.5- 

- 
/ 

/ a 

4' 
- 

c /  
+ ' e  

/ 
/ -.,%d-* 

- 
/- 

0.0 <Le9*-43-- I I 

I:, X z 

0 4.5 
m 
a 3.0 U. 

V 

1.5 

CaC03 MINERAL + 
C 

/I 
/ 

/ 
/ 

/ 

I 

+#/ 

I 
4 

/++ 

I 7' 0 

* +-.- %-*-~-C-T------ 
II 

o.07hO>?&3 lob0 I I b O  1iW 1300 1400 
TEMPERATURE- K 

F i g .  7 Y i e l d  of C a r b o n  D i o x i d c  f rom P y r o l y s i s  i n  
1 atrn !le O F  D e m i n c r a l i z c d  and CnCO3 T r e a t c d  
C o o l s ,  CacO3 Elincr i l l ,  0 s Runs. 

131 



30 
CK 

* O I  IO 

O - I  
C H  

DElrllNERALIZEDCOAL. + x 
Coco3 PRETREATEDCCAL @ @ @I 

-1 
700 800 900 1000 1100 1200 I300 1400 

TEMPERATURE- K 
ri? a ?~n.-+<.cn of Elements j n  n a - + - ~ r n l i . 7 e d  s n d  

CaC03 Treated Coals t h a t  Remain in Chars 
from Pyrolysis in 1 atm He, 5 s Holding 
Times. 

TABLE 2 

YIELDS FOR 5 S RUNS IN fie 1050 K - 1300 K 

1 ATM 69 ATM 

DEMIN 

51.3821.13 
30.2451.35 
3 .6250.11 
0.9650.04 
0.7450.03 
0.8950.03 
i. Zb+O. 04 
3.3750.10 
2.4 050.15 
1.03+0.07 
3.0150 .30 

~ 

47.95 
23.67 
2.93 
0.87 
0.73 
0.75 
0.79 
2.23 
3.42 
2.50 

DEMIN 

35.1251.47 
16.7 652 .2 7 
5.79t1.11 
1.12+0.11 
0.83+0.21 
0.67L0.15 
0.6950.19 
2.5050.46 
3.73t0.92 
1.1550. 17 
2.9151.76 

caq 
35.93 
14.03 
5.36 
1.03 
0.73 
0 . 5 8  

0.48 
1.82 
4.36 
2.71 
3.76 
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An I n v e s t i g a t i o n  of Y ie lds  and C h a r a c t e r i s t i c s  of 
Tars Released During the  Thermal Decomposition of Coal 

J. D. F r e i h a u t  and D. J. Seery 

United Technologies Research Center  
East  H a r t f o r d ,  CT 06108 

I n t r o d u c t i o n  

Reported resul ts  i n d i c a t e  t h a t  t a r  y i e l d s  ob ta ined  from a wide v a r i e t y  of c o a l s  
and r e a c t o r  c o n d i t i o n s  can r e p r e s e n t  a s i g n i f i c a n t  f r a c t i o n  of the  mass of t h e  par-  
e n t  Tar y i e l d s  and c h a r a c t e r i s t i c s  appear  t o  r e f l e c t  n o t  only t h e  n a t u r e  
of the p a r e n t  c o a l  bu t  a l s o  the  expe r imen ta l  c o n d i t i o n s  of t h e  decomposi t ion proc- 
ess.192, 6-9 
c h a r a c t e r i s t i c s  of the  c o a l  and p rocess  parameters  underscores  t h e  p o s s i b i l i t y  of 
r e l a t i n g  such obse rva t ions  to  fundamental a s p e c t s  of t h e  decomposi t ion p r o c e s s .  

The v a r i a t i o n  i n  t a r  y i e l d s  and c h a r a c t e r i s t i c s  w i th  i n t r i n s i c  

This r e p o r t  c o n t a i n s  some r e s u l t s  of an  i n i t i a l  i n v e s t i g a t i o n  of t a r  y i e l d s  
and p r o p e r t i e s  ob ta ined  from e i g h t  c o a l s .  Resu l t s  a r e  shown f o r  v a r i a t i o n s  w i t h  
1) c o a l  rank c h a r a c t e r i s t i c s ;  2) appa ren t  thermal  h i s t o r y ;  and 3) ambient p r e s s u r e .  
Apparent h e a t i n g  r a t e s  of 102 C/?ec t o  l o 3  C/sec and f i n a l  t e n p e r a t u r e s  of 500 C 
t o  1780 C were u t i l i z e d .  Ambient p r e s s u r e s  were v a r i e d  from near  vacuum t o  760 
t o r r .  The r e s u l t s  i n d i c a t e  t h a t  t a r  y i e l d s  and c h a r a c t e r i s t i c s  a r e  s e n s i t i v e  func- 
t i o n s  of i n t r i n s i c  c h a r a c t e r i s t i c s  of the c o a l  and t h e  p rocess  pa rame te r s  a s s o c i -  
a t e d  wi th  t h e  decomposi t ion p rocess .  P r e d i c t i o n  of t a r  y i e l d s  may i n v o l v e  c o a l  
r ank  c h a r a c t e r i s t i c s  a s  a b a s i s  b u t  t h e  n a t u r e  of t h e  t ransforms in t roduced  by t h e  
p rocess  c o n d i t i o n s  (ambient  p r e s s u r e ,  h e a t i n g  r a t e ,  f i n a l  t empera tu re ,  p a r t i c l e  
s i z e )  a r e  equa l ly  impor t an t .  

Experimental Desigp 

F igu re  1 r e p r e s e n t s  s chemat i ca l ly  the  appa ra tus  employed t o  perform t h e  t h e r -  
mal decomposition experiments .  '&e procedure invo lves  p l a c i n g  sma l l  samples (20- 
50 mg) of f i n e l y  ground c o a l  (-100+325 mesh) between the f o l d s  of a f i n e  (325 mesh) 
metal  s c r e e n  ( s t a i n l e s s  s t e e l ,  molybdenum, tungs t en ) .  The g r i d  i s  then d r i v e n  t o  
a predetermined temperature  v i a  the p r e s e t  c o n t r o l  c i r c u i t r y .  The a p p a r e n t  h e a t -  
i n g  r a t e  is monitored by a thermocouple bead placed between t h e  f o l d s  of the  g r i d .  
For vacuum r u n s  the  l i g h t  gases  evolved a r e  immediately vented through a g l a s s  wocl 
f i l t e r  i n t o  the i n f r a r e d  ce l l  of a Four i e r  Transform I n f r a r e d  Spectrometer  (FTIR). 
The t o t a l  time f o r  each r u n  i s  1 0  seconds.  

133 



For runs conducted w i t h  ambient n i t r o g e n  p r e s e n t ,  t h e  r e a c t i o n  chamber is 
i s o l a t e d  from t h e  i n f r a r e d  c e l l .  The p r e s s u r e  i s  monitored by a p r e s s u r e  t r a n s -  
ducer  a t t ached  t o  t h e  r e a c t i o n  chamber. I n  a d d i t i o n ,  a f i n e  mesh s c r e e n  c y l i n d e r  
is  placed around t h e  g r i d  wi th  a b a f f l e  below the g r i d  t o  p reven t  r e c i r c u l a t i o n  o f  
t h e  a e r o s o l  m i s t  t o  t h e  g r i d .  I n  both c o n f i g u r a t i o n s  t h e  t a r  mass i s  de f ined  a s  
the m a t e r i a l  which condenses  on the  room temperature  w a l l s ,  l i n i n g s  and f i l t e r s .  

In the  c a s e s  where i n f r a r e d  s p e c t r a  of the  o v e r a l l  t a r  mass w a s  d e s i r e d  a d ry  
K B r  p e l l e t  was p l aced  i n  the  r e a c t i o n  chamber and exposed t o  t h e  evo lv ing  t a r  
s p e c i e s .  The p e l l e t s  were then removed and scanned us ing  t h e  FTIR. Glass  f i l t e r s  
placed i n  the  chamber were a l s o  removed and examined w i t h  a Scanning E lec t ron  
Microscope (SEMC) t o  a s c e r t a i n  the  n a t u r e  of t h e  t a r  r e l e a s e  a t  va r ious  ambient 
p re s su res .  

I n f r a r e d  C h a r a c t e r i s t i c s  and Elemental Ana lys i s  of Coals 

The c o a l s  s e l e c t e d  f o r  t h e s e  i n i t i a l  s t u d i e s  r e p r e s e n t  a wide c r o s s  s e c t i o n  
by rank and geo log ic  p rov ince .  Elemental ana lyses  of t h e s e  c o a l s  were provided by 
t h e  i n s t i t u t i o n s  supp ly ing  the  c o a l s  but  each sample was a l s o  s u b j e c t e d  t o  e l e -  
mental a n a l y s i s  on  a P e r k i n  E l m e r  240 Elemental  Analysis  System (EAS). I n  cases  
where s u b s t a n t i a l  d i f f e r e n c e s  were observed between the  r epor t ed  v a l u e s  and t h e  
measured v a l u e s ,  samples w e r e  s e n t  t o  an independent  l a b o r a t o r y  f o r  a d d i t i o n a l  
a n a l y s i s .  Table I c o n t a i n s  the  e l emen ta l  a n a l y s i s  of the  c o a l  samples as w e l l  as  
the c a l c u l a t e d  H / C  and O / C  r a t i o s .  Figure 2 r e p r e s e n t s  t h e  l o c a t i o n  of the  samples 
on t h e  c o a l i f i c a t i o n  band a s  r evea led  by t h e  H / C  and O / C  v a l u e s .  The p o s i t i o n  of 
the Western bi tuminous c o a l s  r e l a t i v e  t o  t h e  Eas t e rn  bi tuminous c o a l s  r e f l e c t s  t h e  
d i f f e r e n c e s  i n  g e o l o g i c  s o u r c e s .  

The v a r i a t i o n  i n  chemical  s t r u c t u r a l  c h a r a c t e r i s t i c s  w i th  p o s i t i o n  on t h e  
c o a l i f i c a t i o n  band i s  r e f l e c t e d  i n  the  i n f r a r e d  s p e c t r a  (F ig .  3 )  of t h e  c o a l s .  
The s p e c t r a  a r e  o b t a i n e d  from K B r  p e l l e t s  of f i n e l y  ground c o a l  samples and s p e c t r a  
a r e  normalized wi th  r e s p e c t  t o  1 mg of c o a l .  I d e n t i f i e d  mine ra l  m a t t e r  con t r ibu -  
t i o n s  t o  t h e  s p e c t r a  have been s u b s t r a c t e d .  The s p e c t r a  i n d i c a t e ,  a l t hough  a t  
times i n d i r e c t l y ,  t h e  manner i n  which the  o rgan ic  hydrogen and oxygen a r e  d i s t r i b u -  
ted throughout t h e  c o a l  m a t r i x .  For example, the r e g i o n s  a s s o c i a t e d  wi th  a l i p h a t i c  
hydrogen (2800-3000 cm-l, 1450-1475 c m - l )  show abso rp t ion  i n c r e a s e  w i t h  hydrogen 
con ten t .  The r e s o l u t i o n  of the  aromatic  hydrogen peaks (3020-3050 cm-', 700-900 
cm-1) i n c r e a s e s  w i t h  r e d u c t i o n s  i n  t h e  H J C  and O / C  r a t i o s .  The r eg ions  a s soc ia t ed  
w i t h  oxygen-containing f u n c t i o n a l  groups (1500-1800 cm-') a r e  more c l e a r l y  def ined 
f o r  t h e  h ighe r  oxygen-containing c o a l s .  The v a r i a t i o n  i n  i n f r a r e d  s t r u c t u r a l  
c h a r a c t e r i s t i c s  w i t h  p n s i t i n n  "I? ?he cczl i f ic- t iz : :  5::: I z  c l c ~ r l y  r e f k c L e ;  i n  
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t h e  d i f f e r e n c e s  i n  the  s p e c t r a  of t h e  bituminous c o a l s  from t h e  d i f f e r e n t  geolog- 
i c a l  r e g i o n s .  

While t h e  E a s t e r n  bituminous and Western bituminous c o a l s  are d i f f e r e n t :  
s t r u c t u r a l l y ,  t h e  i n f r a r e d  s p e c t r a  of t h e  Utah and Colorado bituminous c o a l s  a r e  
similar. The two subbituminous c o a l s  a l s o  d i s p l a y  i n f r a r e d  s p e c t r a  s imi la r  to 
each o t h e r .  On t h e  b a s i s  of t h e  i n f r a r e d  s p e c t r a  and t h e  e lementa l  a n a l y s i s ,  t h e  
Alabama bituminous c o a l  appears  more a romat ic  than the  P i t t s b u r g h  bituminous c o a l .  
I f  thermal decomposition behavior  is r e l a t e d  t o  i n f r a r e d  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  
t h e  behavior of t h e  Western bituminous c o a l s  should  be s i m i l a r  t o  each  o t h e r ,  b u t  
measurably d i f f e r e n t  than  t h a t  of  the  Eas te rn  bituminous c o a l s .  The Alabama 
bituminous c o a l  should i n  t u r n  e x h i b i t  thermal decomposition behavior  d i f f e r e n t  
than the  P i t t s b u r g h  bituminous c o a l .  The Western subbituminous c o a l s  would b e  
expected to  be similar t o  each o t h e r  i n  t h e i r  thermal decomposition behavior .  

V a r i a t i o n s  i n  Tar Y i e l d s / C h a r a c t e r i s t i c s  w i t h  Coal 

The maximum tar y i e l d s  obta ined  from t h e  vacuum d e v o l a t i l i z a t i o n  exper iments  
are l i s t e d  i n  Table I and d i s p l a y e d  i n  F ig .  2 .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
f r a c t i o n a l  convers ion  of the  p a r e n t  c o a l  to  tar  i s  n o t  a simple l i n e a r  f u n c t i o n  of 
t h e  H/C r a t i o ,  O / C  r a t i o ,  hydrogen o r  oxygen percentages .  For  example,  t h e  
P i t t s b u r g h  bituminous c o a l  h a s  a maximum tar y i e l d  40-60% g r e a t e r  than  t h e  o t h e r  
bituminous c o a l s .  The hydrogen c o n t e n t  of t h e  P i t t s b u r g h  c o a l  i s  - 3% lower t h a n  
t h e  Western c o a l s  and - 15% g r e a t e r  than  t h e  Alabama c o a l .  The Alabama c o a l  h a s  a 
hydrogen content  approximate ly  15% lower than  t h e  Western bituminous c o a l s  b u t  has  
a maximum tar y i e l d  o n l y  4% lower than  t h e  Colorado bituminous c o a l  and about 9% 
l e s s  t h a n  t h e  Utah c o a l .  D i f f e r e n c e s  i n  H / C  r a t i o s  show a s imi la r  p a t t e r n .  

I n s p e c t i o n  of  the  i n f r a r e d  s p e c t r a  of t h e  p a r e n t  c o a l s  a l s o  r e v e a l s  no s imple  
r e l a t i o n s h i p  between i n f r a r e d  s p e c t r a l  c h a r a c t e r i s t i c s  of a c o a l  and i t s  maximum 
tar y i e l d .  For example, the P i t t s b u r g h  bituminous c o a l  has  weaker a b s o r p t i o n  i n  
t h e  a l i p h a t i c  hydrogen r e g i o n s  than e i t h e r  of  t h e  Western bituminous c o a l s .  The 
Alabama c o a l  on t h e  o t h e r  hand g i v e s  a t a r  y i e l d  n e a r l y  t h e  same as t h e  Western 
c o a l s ,  though i t  a l s o  d i s p l a y s  weaker a l i p h a t i c  a b s o r p t i o n  than t h e s e  c o a l s .  
The tar  y i e l d s  from t h e  Western subbituminous c o a l s  a r e  very  n e a r l y  e q u a l  a s  are 
t h e  tar y i e l d s  from t h e  two Western bituminous c o a l s .  A s  noted above, t h e s e  p a i r s  
of c o a l s  have similar i n f r a r e d  s p e c t r a  i n  t h e  r e g i o n s  of  i n t e r e s t  - a l i p h a t i c  type  
H ,  a romat ic  H ,  and oxygen - c o n t a i n i n g  f u n c t i o n a l  groups.  
i n f r a r e d  s p e c t r a  do produce s imi la r  tar  y i e l d s ,  b u t  a c o a l  wi th  a d i s s i m i l a r  
s p e c t r a  can a l s o  produce comparable t a r  amounts. 

The c o a l s  of similar 
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The v a r i a t i o n s  o f  maximum t a r  y i e l d  w i t h  e l emen ta l  composi t ion and i n f r a r e d  
s p e c t r a l  c h a r a c t e r i s t i c s  both i n d i c a t e  t h e  mult i -parameter  n a t u r e  of t h e  y i e l d  
dependence. A s  a p a t h  from t h e  low rank s i d e  of  t h e  c o a l i f i c a t i o n  band is followed 
t h e  t a r -p roduc ing  p o t e n t i a l  of a c o a l  r eaches  a maximum i n  t h e  H/C-O/C  r eg ion  near  
t h a t  o f  t h e  P i t t s b u r g h  bi tuminous c o a l .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  is 
n o t  a po in t  of maximum H / C  n o r  does the  i n f r a r e d  s p e c t r a  of the  c o a l  show more 
a l i p h a t i c - t y p e  H t han  t h e  o t h e r ,  lower r ank  c o a l s .  Beyond the  P i t t s b u r g h  c o a l  the  
tar y ie ld  d rops  w i t h  f u r t h e r  dec reases  i n  H / C  and O / C  r a t i o s .  I n  t h i s  r eg ion  the 
H / C  r a t i o  i s  changing more r a p i d l y  than the  O / C  r a t i o .  
t h e s e  c o a l s  show well-def ined a romat i c  hydrogen r e g i o n s ,  reduced a l i p h a t i c  hydrogen 
abso rp t ion  and a r e d u c t i o n  i n  oxygen-containing f u n c t i o n a l  group a b s o r p t i o n .  Tar 
y i e l d s  a r e  i n c r e a s e d  as t h e  O / C  r a t i o  is decreased from t h e  low rank s i d e  of the  
c o a l i f i c a t i o n  band. They are a l s o  i n c r e a s e d  a s  H / C  r a t i o s  a r e  i n c r e a s e d  from the  
h igh  rank s i d e  o f  t h e  band. I n s p e c t i o n  of t h e  i n f r a r e d  s p e c t r a  i n d i c a t e s  t h a t  t a r  
y i e l d s  do n o t  va ry  d i r e c t l y  wi th  change i n  abso rp t ion  c h a r a c t e r i s t i c s  a s s o c i a t e d  
w i t h  a p a r t i c u l a r  s t r u c t u r a l  c h a r a c t e r i s t i c .  Such a r e l a t i o n s h i p  may be v a l i d  f o r  
samples from a l i m i t e d  r eg ion  on Fig .  2 .  It appea r s  t h a t  t a r  y i e l d s  a r e  r e l a t e d  
t o  a mix of s t r u c t u r a l  c h a r a c t e r i s t i c s  p r e s e n t  i n  t h e  p a r e n t  c o a l  and as revea led  
by i n f r a r e d  and e l e m e n t a l  a n a l y s i s .  

The i n f r a r e d  s p e c t r a  of 

Tar Y i e l d s  and Apparent Thermal H i s t o r y  

Figures  4-6 show p l o t s  of  tar y i e l d s  ob ta ined  f o r  v a r i o u s  f i n a l  temperatures .  
, Figure  4 c o n t a i n s  t h e  r e s u l t s  f o r  the  two Western subbituminous c o a l s .  F igu re  5 

d i s p l a y s  t h e  Western bi tuminous c o a l ,  and Fig.  6 t h e  Eas t e rn  bi tuminous c o a l s  a s  
w e l l  a s  the  a n t h r a c i t e  and l i g n i t e .  

The t a r  y i e l d s  o b t a i n e d  from the  two Western subbituminous c o a l s  show a c l o s e  
resemblance both wi th  r e s p e c t  t o  magnitude and f i n a l  temperature  dependence (Fig.  4 ) .  
The Western bi tuminous c o a l s  a l s o  show a c l o s e  resemblance t o  each  o t h e r  w i t h  
r e s p e c t  to  magnitude and f i n a l  temperature  dependence of t h e  t a r  y i e l d s  (F ig .  5 ) .  
A s  noted above,  t h e s e  c o a l s  have s i m i l a r  i n f r a r e d  s p e c t r a .  Both t h e  subbituminous 
and Western bi tuminous c o a l s  show a maximum i n  tar y i e l d  a t  low f i n a l  temperatures .  
This  maximum o c c u r s  a t  approximately 775 C f o r  t h e  subbituminous c o a l s  b u t  a t  a 
s l i g h t l y  lower t empera tu re  f o r  t h e  bi tuminous c o a l s .  The r e d u c t i o n  i n  t a r  y i e l d  
a t  f i n a l  t empera tu res  g r e a t e r  than the  maximum is  n o t  a s  sharp a s  the r i s e  t o  the  
maximum y i e l d .  

The E a s t e r n  bi tuminous c o a l s  a l s o  show a low temperature  maximum i n  tar y i e l d  
(F ig .  6 ) .  
600 C whereas t h e  Alabama bi tuminous c o a l  shows a maximum around 700 C .  The reduc- 
t i o n  i n  tar y i e l r l s  vi!?! f5-G tc~.;:z~t~:cz &:EG:EY &x, i ; , r s r  is L W L  as sna rp  a s  

The P i t t s b u r g h  seam bi tuminous c o a l  g i v e s  a maximum t a r  y i e l d  around 
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t h a t  of t h e  Western subbituminous and bi tuminous c o a l s .  However, t h e s e  c o a l s  do 
d i s p l a y  t h e  same s t e e p  g r a d i e n t  f o r  the  change i n  t a r  y i e l d  wi th  f i n a l  temperature  
on the  low temperature  s i d e  of t h e  tar maximum. 

Figure 7 shows t y p i c a l  cha r  y i e l d s  ob ta ined  du r ing  t h e  runs.  The cha r  y i e l d  
dec reases  sha rp ly  wi th  f i n a l  temperature  i n  the  500-800 C range,  t h e  temperature  
range of g r e a t e s t  i n c r e a s e  i n  tar y i e l d s .  A t  f i n a l  temperatures  from 800 C t o  
1000 C ,  product ion i s  no t  a s  s e n s i t i v e  t o  changes i n  f i n a l  temperature .  The t a r  
y i e l d s  a r e  dec reas ing  s i g n i f i c a n t l y  i n  t h i s  f i n a l  temperature  regime. For  f i n a l  
temperatures  g r e a t e r  than 1000 C t o t a l  v o l a t i l e  y i e l d s  do no t  i n c r e a s e  a p p r e c i a b l y .  
Tar y i e l d s  cont inue t o  dec rease  t o  f i n a l  temperatures  of 1400 C a t  which p o i n t  a 
h igh  temperature  asymptote i s  n e a r l y  achieved.  

Examination of t h e  thermocouple d a t a  f o r  a decomposition run a s s o c i a t e d  w i t h  
a p a r t i c u l a r  f i n a l  temperature  i n d i c a t e s  t h a t  the  appa ren t  h e a t i n g  run d i d  va ry  
wi th  f i n a l  temperature  s e t t i n g .  The i n i t i a l  s l o p e s  of t h e  temperature-time d a t a  
a r e  taken a s  t h e  appa ren t  h e a t i n g  r a t e .  The v a r i a t i o n  i n  apparent  h e a t i n g  r a t e  
w i th  f i n a l  temperature  i s  shown i n  F ig .  8.  A f i n a l  temperature  s e t t i n g  of 500 C 
corresponds t o  an i n i t i a l  appa ren t  r a t e  of - 100 C/sec whereas a s e t t i n g  o f  1000 C 
corresponds t o  an appa ren t  r a t e  of - 600 C/sec.  Thus, t h e  c o a l  p a r t i c l e s  exper-  
i e n c e  s l i g h t l y  d i f f e r e n t  thermal  c o n d i t i o n s  wi th  v a r i a t i o n s  i n  f i n a l  temperature  
s e t t i n g .  The t a r  y i e l d s  f o r  t h e  two Western bi tuminous c o a l s  and t h e  Alabama c o a l  
a r e  maximimzed under c o n d i t i o n s  of an appa ren t  h e a t i n g  r a t e  of approximately 200 C /  
s e c  and a f i n a l  temperature  temperature  of - 700 C. The Western subbituminous c o a l s  
on the o t h e r  hand show t a r  maximums a t  a h e a t i n g  r a t e  of - 250 C/sec t o  a f i n a l  
temperature  of  775 C .  
s e c  and - 625 C .  The l i g n i t e  and a n t h r a c i t e  show no c l e a r l y  de f ined  maximum. 

The P i t t s b u r g h  bi tuminous c o d  has  a tar maximum a t  150 C /  

I n  l i g l l t  of these  r e s u l t s  and those  of o t h e r   investigation^^'^ i t  i s  obvious 
t h a t  f u r t h e r  i n v e s t i g a t i o n  of tar y i e l d s  from bi tuminous c o a l s  under a wider r ange  
of thermal  d r i v e  c o n d i t i o n s  i s  needed. 

Tar C h a r a c t e r i s t i c s  and Apparent Thermal Hi s to ry  

F igu re  9 i l l u s t r a t e s  the  changes i n  the  i n f r a r e d  s p e c t r a l  c h a r a c t e r i s t i c s  of 
t a r s  c o l l e c t e d  f o r  d i f f e r e n t  f i n a l  temperatures .  

the  p a r e n t  c o a l  bu t  w i th  enhanced a b s o r p t i o n  i n  r eg ions  a s s o c i a t e d  wi th  a l i p h a t i c  
hydrogen. A s  i n d i c a t e d ,  however, t h e  high temperature  t a r s  show c o n s i d e r a b l e  reduc- 
t i o n  i n  abso rp t ion  i n  r eg ions  a s s o c i a t e d  wi th  f u n c t i o n a l  groups a t t ached  t o  a romat i c  
r i n g s .  

A s  has been r epor t ed  e l s e -  
low temperature  vacuum t a r s  g ive  i n f r a r e d  s p e c t r a  s i m i l a r  t o  t h a t  of 

The low temperature  t a r s  a p p a r e n t l y  the rma l ly  decompose when sub jec t ed  t o  
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t h e  longer  t imes a t  h i g h e r  t empera tu res  t h a t  accompany t h e  i n c r e a s e  i n  thermal  d r i v e  
wi th  f i n a l  t empera tu re .  The condensed high temperature  t a r s  a r e  n o t i c e a b l y  darker  
than the  low t empera tu re  t a r s ,  i n d i c a t i n g  a more a romat i c  n a t u r e .  

Figure 1 0  shows t y p i c a l  p a t h s  fol lowed by evolved c h a r s  i n  a H / C  VS.  O / C  
p l o t  f o r  d i f f e r e n t  f i n a l  t empera tu res .  
r a p i d  d e c l i n e  i n  H / C  and O / C  v a l u e s  a s  v o l a t i l e s  a r e  evolved.  
tars have H / C  and O/C r a t i o s  g r e a t e r  than those  of p a r e n t  c o a l  whereas t h e  high 
temperature  tars have va lues  below those  of t h e  p a r e n t  c o a l .  

A s  r epor t ed  elsewhere13 t h e  cha r  shows a 
The low-temperature 

The n i t r o g e n  c o n t e n t  of the  evolved tars i s  of p a r t i c u l a r  i n t e r e s t .  Figure 
11 shows f r a c t i o n s  of pa ren t  c o a l  mass evolved a s  t a r  v s .  t h e  f r a c t i o n  of p a r e n t  
c o a l  n i t r o g e n  evolved a s  t a r  n i t r o g e n .  The f r a c t i o n  of f u e l  n i t r o g e n  evolved a s  
tar is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of c o a l  mass evolved a s  t a r .  

I n f r a r e d  s p e c t r a  of the  l i g h t  gases  evolved r e v e a l  t h a t  HCN i s  t h e  p r i n c i p a l  
n i t rogen-con ta in ing  g a s  s p e c i e s  t h a t  i s  observed.  F i g u r e  1 2  i s  a p l o t  of t h e  
f u e l  n i t r o g e n  d i s t r i b u t i o n  i n  the  gaseous,  t a r  and cha r  s p e c i e s  a s  observed f o r  
t h e  Utah bi tuminous c o a l .  The d i s t r i b u t i o n  p a t t e r n  f o r  t h e  o t h e r  subbituminous and 
bituminous c o a l s  were s i m i l a r  a l though  t h e  magnitudes of t h e  d i s t r i b u t i o n  v a r i e d  
w i t h  rank c h a r a c t e r i s t i c s  of the  c o a l .  The main c h r a c t e r i s t i c s  of t h e s e  n i t r o g e n  
d i s t r i b u t i o n  p l o t s  a r e :  

1. A l o w  temperature  e v o l u t i o n  of f u e l  N as HCN-usually about  10% of t h e  
c o a l  n i t r o g e n  to  the  p o i n t  of maximum t a r  e v o l u t i o n .  

2 .  The f u e l  n i t r o g e n  evolved a s  a t a r  component i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  c o a l  mass evolved a s  t a r .  

3 .  HCN is  observed t o  be the major n i t rogen-con ta in ing  l i g h t  gas .  

4 .  A s  t h e  t a r  f r a c t i o n  i s  reduced wi th  h ighe r  f i n a l  t empera tu res ,  HCN 
i s  a p r i n c i p a l  n i t rogen-con ta in ing  by-product .  

5 .  Around 1100 C n i t r o g e n  is evolved from the cha r  product  a s  HCN. 
L i t t l e  i n c r e a s e  i n  t o t a l  v o l a t i l e s  i s  observed a t  t hose  temperatures  
bu t  a s u b s t a n t i a l  i n c r e a s e  i n  n i t r o g e n  e v o l u t i o n  a s  HCN i s  observed.  

6 .  The n i t r o g e n  r e t a i n e d  i n  the  high temperature  c h a r s  i s  a f u n c t i o n  of 
c o a l  r a m .  n igne r  c o a l  ranKS r e t a i n  a g r e a t e r  f r a c t i o n  of cne c o a l  
n i t r o g e n  i n  the  cha r  p roduc t .  



The n i t r o g e n  d i s t r i b u t i o n  i n  t h e  thermal decomposition products  r e f l e c t s  bo th  
the  c o a l  type and t h e  c o n d i t i o n s  of thermal decomposition i n  a manner similar t o  
the  tar  y i e l d s  and p r o p e r t i e s .  

Tar Yie lds  and Ambient P r e s s u r e  

Figure 1 3  d i s p l a y s  t h e  tar  and char  y i e l d s  obta ined  from t h e  bituminous c o a l s  
as a f u n c t i o n  of ambient n i t r o g e n  p r e s s u r e .  
one Western bituminous c o a l  produced tar  y i e l d s  as low a s  50% of t h e  vacuum value .  
The o t h e r  Western bituminous c o a l  gave an approximately 25% r e d u c t i o n  i n  t a r  y i e l d  
upon i n c r e a s i n g  the  ambient p r e s s u r e  from n e a r  vacuum to  one atmosphere of  n i t r o g e n .  
This c o a l  showed a g r a d u a l  r e d u c t i o n  i n  t a r  y i e l d  w i t h  i n c r e a s e s  i n  p r e s s u r e  
throughout t h i s  range. 
y i e l d  per u n i t  of p r e s s u r e  change i n  t h e  range from n e a r  vacuum t o  190 t o r r  of 
n i t r o g e n  than from 190 torr to  760 t o r r .  

The two E a s t e r n  b i t u m i n o u s . c o a l s  and 

The o t h e r  c o a l s  however showed much g r e a t e r  changes i n  tar 

The decrease  i n  t a r  y i e l d  wi th  i n c r e a s e  i n  ambient p r e s s u r e  d i d  n o t  r e s u l t  i n  
a p r o p o r t i o n a t e  r e d u c t i o n  i n  t o t a l  v o l a t i l e s  y i e l d  f o r  any of  t h e  c o a l s  i n v e s t i g a -  
ted  (Fig.  1 3 ) .  The P i t t s b u r g h  bituminous c o a l  produced about  a 20% r e d u c t i o n  i n  
t o t a l  v o l a t i l e s  y i e l d  whi le  t h e  t a r  y i e l d  dropped by 50%. Two o t h e r  bituminous ’ 

c o a l s  d i sp layed  on ly  10% r e d u c t i o n s  in t o t a l  y i e l d .  The c o a l  g i v i n g  the  gradual  
r e d u c t i o n  i n  tar  y i e l d  over  t h e  e n t i r e  p r e s s u r e  range  showed no s i g n i f i c a n t  decrease  
i n  t o t a l  y i e l d  a s  the  t a r  y i e l d  decreased .  

There has  been no d i r e c t  measurement of  t h e  gas  s p e c i e s  produced a t  v a r i o u s  
ambient p r e s s u r e s  whi le  t h e  tar  y i e l d  i s  be ing  reduced. However, t h e  d e c r e a s e  i n  
t a r  y i e l d  per u n i t  mass of c o a l  i s  accompanied by a p r o p o r t i o n a t e  i n c r e a s e  i n  
i n t e r n a l  p r e s s u r e  w i t h i n  t h e  r e a c t o r  above t h e  i n i t i a l  p r e s s u r e .  Thus, t h e r e  
appears  t o  be a s i g n i f i c a n t  i n c r e a s e  i n  l i g h t  g a s  y i e l d  as t h e  t a r  y i e l d  is de- 
c reased  due t o  ambient p r e s s u r e  e f f e c t s .  

Apparently t h e  ambient p r e s s u r e  s e r v e s  t o  d e c r e a s e  t h e  r a t e  of escape  of the  
l a r g e  tar s p e c i e s  from t h e  d e v o l a t i l i z i n g  c o a l  mass. Such e f f e c t s  have been 
repor ted  e l ~ e w h e r e . ~ . ~  The increased  c o n t a c t  t i m e  o f  t h e  l a r g e  hydrocarbon s p e c i e s  
wi th  the h o t  c o a l  mass promotes f u r t h e r  c r a c k i n g  of t h e s e  s p e c i e s  t o  l i g h t e r  gases .  
A s  a r e s u l t  more l i g h t  gas  s p e c i e s  are produced p e r  u n i t  of t o t a l  y i e l d .  The 
thermal d e g r a d a t i o n  o f  the  t a r  mass i n  c o n t a c t  w i t h  the c o a l / c h a r  r e s u l t s  i n  some 
secondary d e p o s i t i o n  of carbon on t h e  d e v o l a t i l i z i n g  p a r t i c l e s .  The amount of 
secondary d e p o s i t i o n  seems t o  b e  dependent upon t h e  s p e c i f i c  c o a l  and i t s  proper- 
t ies  d u r i n g  the  decomposition p r o c e s s .  
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Tar C h a r a c t e r i s t i c s  and Ambient P r e s s u r e  

I n  o r d e r  t o  d e t e r m i n e  i f  any o v e r a l l  changes i n  t h e  chemical n a t u r e  of the  
t a r s  r e l e a s e d  o c c u r r e d  due t o  changes i n  ambient p r e s s u r e ,  d r i e d  K B r  p e l l e t s  were 
p laced  above the  g r i d  w i t h i n  the  r e a c t i o n  chamber. A f t e r  a run  t h e  p e l l e t s  were 
removed and scanned wi th  t h e  FTIR.  The i n f r a r e d  s p e c t r a  of  t h e  tars formed i n  vacuo 
c l o s e l y  resemble  t h e  s p e c t r a  of  t h e  p a r e n t  c o a l  from which i t  w a s  d e r i v e d .  However, 
t h e  i n f r a r e d  s p e c t r a  of t h e  tars formed under  p r e s s u r e  showed reduced a b s o r p t i o n  
i n  t h e  r e g i o n s  a s s o c i a t e d  w i t h  f u n c t i o n a l  groups of  vacuum tars.  The g r e a t e s t  
r e d u c t i o n s  occur  i n  t h e  n e a r  vacuum t o  190 torr r e g i o n ,  cor responding  t o  t h e  
g r e a t e s t  r e d u c i n g  i n  tar y i e l d  p e r  u n i t  change of ambient p r e s s u r e .  A s  p r e s s u r e s  
a r e  increased  beyond 190 t o r r  f u r t h e r  r e d u c t i o n s  i n  a b s o r p t i o n  due t o  f u n c t i o n a l  
groups a r e  s l i g h t .  The Utah bituminous c o a l  showing the  l ea s t  change i n  t a r  y i e l d  
p e r  u n i t  p r e s s u r e  i n c r e a s e  a l s o  d i s p l a y s  t h e  l e a s t  change i n  f u n c t i o n a l  group 
a b s o r p t i o n  p e r  u n i t  p r e s s u r e  i n c r e a s e .  

The t a r  p e l l e t s  from the  p r e s s u r e  r u n s  s c a t t e r e d  t h e  i n f r a r e d  beam cons ider -  
a b l y ,  where as t h e  p e l l e t s  from t h e  vacuum runs  d i d  n o t .  It i s  b e l i e v e d  t h a t  t h e  
s c a t t e r  is due t o  the p h y s i c a l  form of the  tars condensed on the  p e l l e t s .  I n  the  
c a s e  o f  the d e v o l a t i l i z a t i o n  r u n s  performed w i t h  a n  ambient p r e s s u r e ,  t h e  tars 
r e l e a s e d  immedia te ly  form an a e r o s o l  m i s t .  It i s  t h e s e  mists which condense on t h e  
K B r  p e l l e t s .  The p a r t i c l e - l i k e  n a t u r e  of t h e  condensed tar  mass on t h e  p e l l e t s  
s c a t t e r s  t h e  i n f r a r e d  s i g n a l .  No m i s t  is  observed i n  the  case  of t h e  vacuum r u n s .  
The vacuum tars  a p p a r e n t l y  coa t  t h e  K B r  p e l l e t s  i n  more o f  a molecular - layer ing  
l i k e  condensation. Scanning E l e c t r o n  Microscope photographs of t h e  tars condensed 
on g l a s s  f i b e r  f i l t e r s  p laced  i n  t h e  r e a c t i o n  v e s s e l  r e v e a l  c r y s t a l l i t e - l i k e  s t r u c -  
t u r e  formed on the  f i l t e r s  from t h e  vacuum r u n s .  The f i l t e r s  from t h e  p r e s s u r e  
r u n s  d isp layed  p a r t i c l e - l i k e  d r o p l e t s  c o a t i n g  t h e  f i l t e r s .  Tar d r o p l e t  format ion  
s imi la r  t o  t h i s  h a s  been observed e l sewhere  b u t  under d i f f e r e n t  d e v o l a t i l i z a t i o n  
conditions.9.14 

I n  o r d e r  t o  demonst ra te  the p r o p e n s i t y  of t h e  tar  m a s s  t o  form a e r o s o l  m i s t s  
when r e l e a s e d  i n  ambient p r e s s u r e  c o n d i t i o n s  h igh  speed f i l m s  were made of  t h e  
d e v o l a t i l i z i n g  P i t t s b u r g h  bituminous coa l .  
h e a t i n g  g r i d  immediately swept any r e l e a s e d  v o l a t i l e s  from t h e  g r i d  so t h a t  a c l e a r  
view of the decomposing c o a l  mass could be main ta ined .  The p l a s t i c i z i n g  P i t t s b u r g h  
c o a l  was s e l e c t e d  f o r  the  i n i t i a l  f i l m  s t u d y  s i n c e  t h e , r e l e a s e  of v o l a t i l e  mat te r  
d u r i n g  the p l a s t i c  s t a g e  of  decomposition can  be observed t o  occur  v i a  bubble 
r u p t u r e .  By means o f  a framing p r o j e c t o r  one can o b t a i n  a rough e s t i m a t e  of  the  
t i m e  i n t e r v a l  between the r u p t u r e  of a s p e c i f i c  bubble  and t h e  format ion  o f  a 
v i q i h l e  a - r n c n l  -icr 1: tkc 51;: Z::EGZ z r ~ ~ i - , i  :;-,e si;;. E A a u i i r a i i u n  ui sucn i i i m s  

A c r o s s  flow o f  n i t r o g e n  a c r o s s  t h e  
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r e v e a l s  t h a t  the a e r o s o l  m i s t  fo rmat ion  i n  a one atmosphere cold f low i s  r a p i d ,  
t a k i n g  p l a c e  dur ing  the f i r s t  few m i l l i s e c o n d s  of  t h e  bubble  r u p t u r e .  

Summary and Conclusions 

Based on t h e s e  i n i t i a l  i n v e s t i g a t i o n s  t h e  fo l lowing  g e n e r a l  o b s e r v a t i o n s  can 
be formulated: 

1. I n  vacuo tar y i e l d s  can  b e  r e l a t e d  t o  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  
p a r e n t  c o a l :  

a .  For c o a l s  w i t h  O / C  v a l u e s  less than  - 0.09 t h e  tar  y i e l d  
appears  t o  be p r o p o r t i o n a l  t o  t h e  H/C parameter.  I n  t h i s  
reg ion  a s  p r e v i o u s l y  r e p o r t e d , 1 5  the maximum t a r  y i e l d  
appears  t o  be p r o p o r t i o n a l  t o  t h e  a l i p h a t i c + p e  f u n c t i o n a l  
groups of t h e  p a r e n t  c o a l  a s  revea led  by i n f r a r e d  a n a l y s i s  
of t h e  c o a l .  

For c o a l s  w i t h  O / C  v a l u e s  g r e a t e r  than  0 . 1  t h e  tar y i e l d  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  O / C  v a l u e s  of t h e  c o a l .  I n  
t h i s  reg ion  t h e  tar y i e l d  appears  to  be p r o p o r t i o n a l  t o  a 
mix of  a l i p h a t i c  and oxygen-containing f u n c t i o n a l  groups a s  
revea led  by i n f r a r e d  a n a l y s i s .  

b .  

b .  Consequently, p r e d i c t i v e  e q u a t i o n s  f o r  i n  vacuo tar  y i e l d s  
which are t o  b e  v a l i d  f o r  a range of c o a l s  a long  the  coal-  
l i f i c a t i o n  band must c o n s i d e r  t h e  multi-parameter n a t u r e  of  
the  dependence of t a r  y i e l d  on i n t r i n s i c  c o a l  s t r u c t u r a l  
paramters .  

2 .  I n  vacuo t a r  y i e l d s  are  dependent on the thermal d r i v e  exper ienced  by t h e  
c o a l  p a r t i c l e s .  Subbituminous and bituminous c o a l s  produce a maximum tar  
y i e l d  when hea ted  t o  a f i n a l  tempera ture  i n  t h e  600 C t o  800 C range w i t h  
an  apparent  h e a t i n g  r a t e  of - 100-200 C/sec. 
r a t i o s  d i s p l a y  a s h a r p e r  r e d u c t i o n  i n  tar y i e l d s  w i t h  an  i n c r e a s e  i n  
thermal d r i v e  c h a r a c t e r i s t i c s  beyond t h e s e  v a l u e s .  

Tar y i e l d s  f o r  bituminous c o a l s  a r e  s e n s i t i v e  f u n c t i o n s  of ambient pres -  
s u r e  i n  t h e  n e a r  vacuum t o  one atmosphere r e g i o n .  
y i e l d s  up t o  50% of t h e  i n  vacuo v a l u e  a r e  observed. 
y i e l d s  a r e  n o t  p r o p o r t i o n a t e l y  reduced. 

Coals w i t h  h i g h e r  O / C  

3 .  
Reduction i n  tar  

T o t a l  v o l a t i l e  
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4 ,  Physiochemical  c h a r a c t e r i s t i c s  of t a r  s p e c i e s  are dependent on p a r e n t  
c o a l  s t r u c t u r a l  c h a r a c t e r i s t i c s  as w e l l  a s  the c o n d i t i o n s  of devola- 
t i l i z a t i o n .  Vacuum formed low temperature  t a r s  c l o s e l y  resemble the  
p a r e n t  c o a l  i n  s t r u c t u r a l  c h a r a c t e r i s t i c s .  Changes i n  appa ren t  thermal 
d r i v e  and ambient  cond i t ions  produce changes i n  t a r  c h a r a c t e r i s t i c s .  
In g e n e r a l ,  f u n c t i o n a l  group c h a r a c t e r i s t i c s  a r e  reduced wi th  i n c r e a s e s  
i n  thermal  d r i v e  and ambient p r e s s u r e .  HCN appears  t o  be a p r i n c i p a l  
n i t rogen-con ta in ing  l i g h t  gas s p e c i e s  r e l e a s e d  as t a r  y i e l d s  a r e  
reduced w i t h  an i n c r e a s e  i n  thermal  d r i v e .  

Since t a r  y i e l d s  and c h a r a c t e r i s t i c s  a r e  s e n s i t i v e  f u n c t i o n s  of c o a l  charac- 
t e r i s t i c s  and d e v o l a t i l i z a t i o n  c o n d i t i o n s ,  p r e d i c t i v e  r e l a t i o n s h i p s  a r e  of 
n e c e s s i t y  mult i -parameter  i n  n a t u r e .  
considered as t h e  tar y i e l d s  and c h a r a c t e r i s t i c s  a r e  shown t o  b e  s e n s i t i v e  func- 
t i o n s  of bo th .  The s e n s i t i v i t y  of y i e l d s  and c h a r a c t e r i s t i c s  t o  parameter  changes 
f o r  a wide v a r i e t y  o f  c o a l s  i s  i n d i c a t i v e  o f  t h e  coupled chemical  k i n e t i c - t r a n s p o r t  
n a t u r e  of c o a l  d e v o l a t i l i z a t i o n .  

Both i n t r i n s i c  and p rocess  pa rame te r s  must be 
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Figure  1: Heated Grid P y r o l y s i s  Apparatus 
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CONVERSION OF BITUMINOUS COAL I N  CO/H20 SYSTEMS 
1 1 - p ~  DEPENDENCE* 

* 
David S .  Ross, James E .  B le s s ing  

and Quyen C .  Nguyen 

S R I  I n t e r n a t i o n a l  
333 Ravenswood Avenue 

Menlo Park ,  C a l i f o r n i a  94025 

In t roduc t ion  

We have r e p o r t e d  t h a t  s t r o n g l y  b a s i c  c o n d i t i o n s  promote t h e  convers ion  of I l l i n o i s  
No. 6 c o a l  i n  CO/H,O systems a t  400°C t o  a product  t h a t  is f u l l y  py r id ine - so lub le  and 
has  50% benzene s o l u b i l i t y  and 18% hexane s o l u b i l i t y .  (1)  This  work used 4 M aqueous 
KOH, and C 0 2  and H1 were t h e  p roduc t  gases .  No o rgan ic  H-donor s o l v e n t s  were used i n  
t h e  convers ions ;  water was the  on ly  medium used. 

s t r o n g l y  b a s i c  medium a l o n e  on ly  dec reases  t h e  a l r e a d y  small benzene s o l u b i l i t y  of the  
c o a l  and (b) CO used wi th  only  wa te r  p rov ides  a product  w i th  a benzene s o l u b i l i t y  o f  
on ly  about  10%. ( 2 )  Thus both t h e  base  and CO must p l ay  a n  impor tan t  r o l e  in t h e  con- 
ve r s ion ,  and i n  accord  wi th  t h e  sugges t ion  by Appel l  e t  a l . ,  ( 3 )  we have  cons ide red  
t h a t  formate  w a s  t h e  a c t i v e  r educ ing  agen t  i n  t h e  sys tem.  (1) 

Conversion Chemistry 

on t h e  ques t ion  of t h e  in te rmediacy  of formate i n  t h e  convers ion .  The d a t a  f o r  runs  
c a r r i e d  ou t  a t  40OoC f o r  20 minutes  i n  a s t i r r e d  au toc lave  a r e  shown i n  F igure  1, i n  
which t h e  benzene s o l u b i l i t i e s  of t he  p roduc t s  a r e  p l o t t e d  a g a i n s t  t h e  pH of t h e  s t a r t -  
i ng  aqueous phase  determined a t  25OC. It i s  seen  t h a t  t he  convers ion  i n  a system 4 M 
i n  OH- is  l i t t l e  d i f f e r e n t  from t h a t  i n  a system wi th  a s t a r t i n g  pH of 12 .6  (OH- = 0.04 M). 
The convers ion  is thus  e f f e c t i v e  down t o  t h a t  b a s i c i t y  l e v e l ,  bu t  then  f a l l s  suddenly  
under less b a s i c  cond i t ions .  T h i s  s t r i k i n g  loss  of convers ion  e f f e c t i v e n e s s  p rov ides  
t h e  S-shaped cu rve  shown i n  t h e  f i g u r e .  

I n  t h e  e f f e c t i v e  runs  above 
pH = 12.6,  t h e  CO w a s  l a r g e l y  consumed and t h e  product  gases  were a lmost  equimolar 
q u a n t i t i e s  of  H 2  and C 0 2 .  The r u n s  below pH 1 2 . 6 ,  however, n e i t h e r  y i e lded  s u b s t a n t i a l l y '  
conver ted  c o a l  nor  consumed CO. There would seem t o  be a p a r a l l e l  i n  t h i s  system between 
t h e  convers ion  of c o a l  and o p e r a t i o n  of the  water  gas  s h i f t  r e a c t i o n ,  which p rov ides  
equal  q u a n t i t i e s  of H z  and C O z .  

We have s i n c e  shown i n  c o n t r o l  experiments t h a t  (a )  w i th  N 2  i n  p l a c e  of  CO, t h e  

We r e p o r t  h e r e  on t h e  s tudy  of the  convers ion  a t  cons ide rab ly  lower b a s i c i t i e s  and 

Also shown i n  F igu re  1 a r e  t h e  product  gas  ana lyses .  

CO + H 2 0  + COz + H z  

The product  a n a l y s e s  f o r  two runs  a t  pH 12.6 a r e  shown in Table  1 a long  wi th  t h e  
composition of t h e  s t a r t i n g  c o a l .  S ince  no o rgan ic  H-donor s o l v e n t  is  used ,  t h e  p ro -  
d u c t s  a r e  uncontaminated and a r e  f u l l y  coa l -der ived .  Th i s  cond i t ions  i s  i n  c o n t r a s t  t o  
t h e  common f i n d i n g  from conver s ions  i n  t e t r a l i n  o r  o t h e r  o rgan ic  media i n  which t h e r e  i s  
inco rpora t ion  of  p o r t i o n s  of t h e  o rgan ic  medium i n t o  t h e  products .  The contaminant  
commonly cannot  be f u l l y  removed, even under h igh  tempera ture  and f u l l  vacuum. ( 4 )  It 
i s  thus  p o s s i b l e  t o  c a l c u l a t e  a d e t a i l e d  mass ba lance  w i t h  our d a t a ,  u s i n g  both  t h e  
e lementa l  a n a l y s e s  of t h e  product  f r a c t i o n s  and t h e  gas  ana lyses .  Such a procedure  is 
presented  i n  Tab le  2,  which compares the q u a n t i t i e s  of C and H ( i n  mmoles) i n  bo th  the  
s t a r t i n g  and f i n a l  sys tems.  

* 
Paper I i n  t h i s  series i s  c i t e d  a s  r e f e r e n c e  1. 
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The r ecove ry  i n  coal-carbon i n  t h i s  c a s e  i s  95%. which is  a t y p i c a l  va lue  f o r  o u r  
s t u d i e s  i n  t h e s e  sys tems.  The product  gases  c o n t a i n  only  t r a c e s  of methane, and w e  
have found on ly  t r a c e  q u a n t i t i e s  of pheno l i c  materials i n  the  f i n a l  aqueous phase.  

Table  2 

DETAIT.ED MASS BALANCE FOR RUN 26 
( Q u a n t i t i e s  i n  m o l e s )  

* 
S t a r t i n g  Coal Product  Coal 

(10.0 g) (8.7 n )  Remarks 

C 625 C 594 95% C recovery  

H 460 H 585 125  H ga in  

S t a r t i n g  Gas Product  Gas 

co 478 * CO 103 

C02 297 

H2 237 

84% C recovery  

1 2 0  H l o s t  

* 
Composite v a l u e s  f o r  bo th  benzene-soluble and benzene- 
i n s o l u b l e  product  f r a c t i o n s .  

The C 0 2  and H2 q u a n t i t i e s  i n  the  product  g a s e s  are no t  t h e  same, a l though on the  
b a s i s  of t h e  wa te r  g a s  s h i f t  r e a c t i o n  w e  would expec t  equa l  q u a n t i t i e s  of t h e s e  two 
gases .  The d e f i c i t  i n  hydrogen (120 mmole H) i s  t h a t  t aken  up by t h e  c o a l .  The match 
i n  t h i s  c a s e  may be b e t t e r  than  we might expec t ,  bu t  f o r  most runs  t h e  agreement i s  
good. 

mis s ing  C i s  i n  the ' aqueous  phase  i n  the  form of formate  and b i ca rbona te .  We have made 
no a t t empt  t o  q u a n t i f y  t h e  ino rgan ic ,  wa te r - so lub le  carbon. 

This  t ype  of mass ba lanc ing  i s  r e a d i l y  performed wi th  t h e  products  of t h e s e  conver- 
s i o n s .  
oppor tun i ty  t o  work w i t h  c o a l  a lmost  as a "pure" o rgan ic  compound. 

e f f e c t i v e ;  t h e  u s e  of po tass ium formate  w i t h  N z  was equa l ly  unproduct ive .  A c l o s e r  
l ook  a t  t h e s e  r e s u l t s  i s  p resen ted  i n  Table  3, which inc ludes  t h e  product  g a s  composition. 

C lea r ly ,  hydrogen p r e s e n t  a t  t he  beginning  of a run  i n  p l ace  of CO does  no t  p rov ide  
e f f e c t i v e  conve r s ion  of t h e  c o a l .  The c o n s i d e r a b l e  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  i n  
sys tems c o n t a i n i n g  CO shows t h a t  t h e  hydrogen produced i n  t h e  l a t t e r  systems i s  formed 
concur ren t ly  w i t h  t h e  c o a l  convers ion  and does n o t  p l ay  a r o l e  i n  t h e  convers ion  i t se l f .  

For t h e  fo rma te  c a s e ,  t h e  q u a n t i t y  of added formate  s a l t  was equ iva len t  on a molar 
b a s i s  t o  t w i c e  t h e  hydrogen added t o  the  c o a l  i n  the  h igh  convers ion  pH 12 .6  runs  wi th  
CO. Thus t h e r e  was enough hydrogen p r e s e n t  f o r  t h e  convers ion;  however, t h e  system w a s  

The C-recovery i n  the  gas  product  COX h e r e  is t y p i c a l ,  and it i s  l i k e l y  t h a t  t h e  

Because t h e  sys tem i s  "c l ean , "  t h e  c l o s e  ba l ances  o b t a i n a b i e  provide  us wi th  t h e  

F igure  1 shows f u r t h e r  t h a t  a t  pH = 12.6  the  replacement of CO w i t h  H1 w a s  in -  

* 
Fur the r  s t u d y  w i t h  t h e s e  "clean" systems i s  p lanned .  I n  some p re l imina ry  work a long  
t h e s e  l i n e s  w i t h  t h e  focus  on oxygen ba lance ,  i t  has  been observed t h a t  t h e  r a t i o  of 
t h e  hydrogen ga ined  i n  t h e  c o a l  produce (AHg) t o  oxygen l o s t  (hog) was c l o s e  t o  2 . 0  
f o r  s e v e r a l  runs .  T h i s  f i n d i n g  i s  s i m i l a r  t o  t h a t  d i scussed  by Whi tehurs t  f o r  work 
wi th  conven t iona l  conve r s ion  sys tems.  (5)  
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T a b l e  3 

TEST OF THE ROLE OF HYDROGEN AND FORMATE AT pH 12.6 I N  CO-H2O CONVERSION 
SYSTEMS AT 40OoC/20 M I N  

Run No. t- Benzene- 
S o l u b l e  

Cond i t ions  

CO-H20 

11 

13 

ab167 m o l e s  po ta s s ium fo rma te .  
R e l a t i v e  q u a n t i t i e s ,  i g n o r i n g  the  N z .  

T a b l e  4 

COMPARISON OF C O / H 2 0  AND TETRALIN 
CONVERSION SYSTEMS 

Conversion 
Medium 

Te t r a l  i n  

CO/H,O 

H/Ca Benzene 
S o l u b i l i t y  

37 

4a 

1.01 0.72 Q 2.7 

11.01 1 0.65 1 Q 3.0 1 
aMolar.  
bBenzene-soluble  f r a c t i o n .  
:Benzene-insoluble f r a c t i o n .  

By 'H nmr. 
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completely nonconver t ing .  I n  a d d i t i o n ,  except  f o r  t h e  s t a r t i n g  N2. t h e  product  g a s  
composition w a s  p r i m a r i l y  H., w i t h  v i r t u a l l y  no C02 formed. I n  t h i s  c a s e  t h e  formate 
was probably conve r t ed  t o  o x a l a t e ,  a well-known r e a c t i o n .  (6) 

Products  

A convent iona l  conve r s ion  run  w a s  performed wi th  t e t r a l i n  a t  40OoC/20 min t o  provide  
product  m a t e r i a l  f o r  comparison w i t h  the  p roduc t s  f o r  t h e  CO/H20 s y s t e m s .  
d u c t s  were f u l l y  py r id ine - so lub le .  A d e t a i l e d  comparison i s  provided i n  Table  4 .  

Other comparisons were made us ing  h p l c ,  'H nmr, and f i e l d  i o n i z a t i o n  mass spec t romet ry  
(FIMS) as shown in Figures  2 ,  3 ,  and 4.  The h p l c  p r o f i l e s  f o r  t h e  benzene-so luble  f r a c -  
t i o n s  are ve ry  s imi la r ,  w i t h  v i r t u a l l y  i d e n t i c a l  r e t e n t i o n  volumes. 

t e t r a l i n  and CO/H,O sys tems and i n c l u d e  a spectrum o f  t h e  benzene-soluble f r a c t i o n s  of 
a n  SRC sample of I l l i n o i s  No. 6 c o a l  from t h e  W i l s o n v i l l e ,  Alabama p l a n t .  The t e t r a l i n -  
der ived  material c l e a r l y  c o n t a i n s  inco rpora t ed  t e t r a l i n ;  however, except  f o r  t h a t  f a c t o r  
t h e  s p e c t r a  a r e  q u a l i t a t i v e l y  v e r y  similar. 
s i d e r a b l y  smaller t h a n  t h a t  v a l u e  f o r  t he  o t h e r  two samples.  T h i s  d i f f e r e n c e  i s  most 
l i k e l y  due t o  the  h ighe r  tempera ture  a t  which t h e  SRC i s  produced. 

i o n i z a t i o n ,  and most molecules  a r e  observed w i t h  t h e  technique  as molecular  i ons .  ( 7 )  
The procedure  is p a r t i c u l a r l y  u s e f u l  app l i ed  t o  c o a l  l i q u e f a c t i o n  s t u d i e s ,  s i n c e  i t  
can provide  a t r u e  molecu la r  weight p r o f i l e  f o r  any g i v e n  f r a c t i o n .  

f r a c t i o n s ,  some d i f f e r e n c e s  emerge between t h e  t h r e e  convers ion  p roduc t s .  
f r a c t i o n  has t h e  most narrow d i s t r i b u t i o n ,  fo l lowed by t h e  t e t r a l i n  and CO/H,O f r a c t i o n s ,  
r e spec t ive ly .  The l a s t  i n  p a r t i c u l a r  d i s p l a y s  a r a t h e r  broad d i s t r i b u t i o n ,  and t h e  
d e t a i l e d  d i f f e r e n c e s  are expec ted  t o  be t h e  s u b j e c t  of f u t u r e  s tudy .  

Discuss ion  

Both pro- 

The p roduc t s  a r e  t h u s  ve ry  s imilar  i n  terms of t h e i r  H / C  r a t i o s  and H a l i / H a r o m  r a t i o s .  

The 'H nmr s p e c t r a  i n  F igure  3 are of t h e  benzene-so luble  f r a c t i o n  f o r  bo th  t h e  

The H a l i / H a r o m  for t h e  SRC i s  ?r 1.1, con- 

F i e l d  i o n i z a t i o n  mass spec t romet ry  is a mass s p e c t r a l  p rocedure  us ing  low energy 

I n  F igure  4,  which r e p r e s e n t s  t h e  FIMS s p e c t r a  of  t h e  same t h r e e  benzene-soluble 
The SRC 

Our  obse rva t ions  can  be summarized a s  fo l lows :  - CO/H2O systems a t  i n i t i a l  pH v a l u e s  above 12.6 s u c c e s s f u l l y  conve r t  I l l i n o i s  
No. 6 c o a l  t o  a product  t h a t  i s  f u l l y  py r id ine - so lub le  and h a s  benzene and 
hexane s o l u b i l i t i e s  of 50% and 18%, r e s p e c t i v e l y .  
The product  g a s e s  are H z  and C 0 2 .  However, t h e  expec ted  H 2 / C 0 2  r a t i o  of 1 . 0  
based on the  water gas  s h i f t  r e a c t i o n  i s  n o t  observed ,  w i t h  t h e  d e f i c i t  i n  
hydrogen being found i n  t h e  inc reased  hydrogen c o n t e n t  of the  c o a l  product .  
These c l e a n  sys tems p rov ide  good e l emen ta l  ba l ances ,  w i th  t y p i c a l l y  95% c o a l  
carbon recovery  and a good hydrogen ba lance .  The AHg/AOe r a t i o  i s  c l o s e  t o  
2 i n  p re l imina ry  work. 

under a n  N2 a tmosphere  i s  equa l ly  i n e f f e c t i v e .  
The p roduc t s  a r e  v e r y  s i m i l a r  t o  t h o s e  ob ta ined  i n  conven t iona l  t e t r a l i n  
convers ions .  

* The system w i t h  H z  i n  p l a c e  of CO i s  no t  e f f e c t i v e ,  and potass ium formate  

These r e s u l t s  can be cons ide red  from two p o i n t s  of view. F i r s t ,  i t  is  of i n t e r e s t  
t o  cons ide r  t h e  advantages  t h i s  chemis t ry  might p rov ide  i n  a l a r g e - s c a l e  c o a l  conve r s ion  
p rocess .  The conve r s ion  i s  c a t a l y t i c  i n  b a s e ,  w i t h  t h e  turnover  number f o r  OH- ( t h e  
molar r a t i o  of H added t o  t h e  c o a l  t o  the  q u a n t i t y  of  b a s e  p re sen t )  c a l c u l a t e d  from t h e  
v a l u e s  i n  Tables  1 and 2 t o  be 80-90.* 
ca t a lyzed ,  its homogeneous n a t u r e  would avo id  t h e  common problem of c a t a l y s t  fou l ing  
due t o  carbon d e p o s i t i o n .  
l y s t / c o a l  l oad ing  r equ i r emen t< .  Hyrlrnom i s  = p-nrluc: 01.5 znrl ~s2f-l f e r  c~t.cz;-cr.t 
upgrading of t h e  c o a l  product .  

I t  is thus  a n  e f f i c i e n t  p rocess ,  and wh i l e  

The system thus  has  good r e c y c l e  p o t e n t i a l  and small c a t a -  

*For run 26, 125  mmole H is ga ined  by the  c o a l  i n  a system 0.04 M i n  OH- of volume 36 m l .  
Thus t h e  tu rnove r  number = 125/ (36  x 0 . 0 4 ) .  
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l i *  
TETRALI N 

Figure  2 .  High p r e s s u r e  l i q u i d  chromatographs of t h e  benzene-so luble  
f r a c t i o n s  from c o n v e r s i o n s  w i t h  T e t r a l i n  and C O / H 2 0 .  
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Figure 3.  ‘H-nmr spectra of the benzene-soluble f r a c t i o n s  of SRC, t e t r a l i n ,  
and C 0 , ’ H 2 0  conversions.  
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Figure 4 .  FIMS spectra of the benzene-soluble fractions o f  SRC, Tetralin, 
and CO/H20  conversion. 
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The second view t o  b e  t aken  of t h e s e  r e s u l t s  concerns t h e  c l e a n  n a t u r e  of t h e  con- 
ve r s ions .  We s u g g e s t  t h a t  t h e  system would b e  u s e f u l  f o r  s t u d i e s  i n  c o a l  s t r u c t u r e  and 
conve r s ion  mechanisms s i n c e  t h e  r e c o v e r i e s  a r e  v e r y  h igh ,  and t h e r e  is no o r g a n i c  medium 
t o  d e a l  with.  Both nmr and mass spec t romet ry  s t u d i e s  cou ld  b e  a p p l i e d  t o  t h e  p roduc t s  
from t h e s e  conve r s ions ,  and w e  expec t  t h i s  work t o  c o n t i n u e  a long  those  l i n e s .  
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Effect of Preoxidation on Reactivity 
of Chars in Steam 

K. Gomi 

New Energy Development Authority of Japan, Department of Coal 
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Tokyo, Japan 

Y. Hishinuma 
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Hitachi-shi, Ibaraki-ken, 319-12, Japan 

The investigation of the rate of reaction of char-steam is 
very important in the development of a coal gasification process 
and also in the production of activated cokes from coal. The 
objective of this work is to measure the rate of reaction of 
preoxidized coal char in steam and to investigate the effect of 
changes in the preoxidation conditions, especially in the 
preoxidation temperature and the degree of burn-off, on the 
reactivity of the char in steam. 

Apparatus and Procedure 

The coal used here was Taiheiyo coal, a non-caking bituminous 
coal from Hokkaido, Japan. The raw coal was ground and 0.35-0.42mm 
fractions were used. They were carbonized in N2 at 1000°C for 2h. 

About 100 mg of char was placed on a quartz pan (20m i.d.), which 
was suspended from the balance at the center ot the furnace. 
The sample was then heated to the desired preoxidation temperature 
(4O0-55O0C) in N2 and the N2 was replaced by a N2-02 mixture with 
an 02 concentration of 20%. The progress of the preoxidation 
process was followed until the desired weight decrease occurred. 
After that, the N2-02 mixture was replaced by N2 and the sample was 
heated to the desired reaction temperatures (800-900DC). Then a 
N -H20 mixture containing water vapor at a partial pressure of 
13.2 KPa was admitted to the apparatus. This water-vapor pressure 
was generated by bubbling N2 through deairated distilled water of 
a temperature of 6OOC. The weight of the sample was recorded con- 
tinuously as a function of time. 

was measured with the induction heating pyrolyzer. The product 
gases were analyzed with a gas chromatograph which was coupled to 
the pyrolyzer. 

The Cahn R.G. balance was used for reactivity measurements. 

The amount of CO and C02 given off by the preoxidized chars 

Results and Discussion 

Effect of preoxidation on char reactivity in steam 

oxidized chars using the following rate expression: 
The gasification rates were determined for each of the pre- 

= k (1 - Xc) 
where Xc represents the fractional conversion of carbon (daf) and 
k is the rate constant. 

In Figure 1, the (dXc/dt) for typical samples are plotted 
against (1-Xc). As can be seen in Figure 1, the curve for the 
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c h a r  t h a t  was n o t  preoxid ized  rises slowly t o  a p l a t e a u  and then  
f a l l s  away g r a d u a l l y .  On t h e  o t h e r  hand, t h e  c u r v e s  f o r  t h e  
preoxid ized  char  show a cont inuous  gradual  f a l l i n g  away, wi th  no 
i n i t i a l  s l o w  rise and no p l a t e a u .  

E f f e c t  of carbon burn-off dur ing  p r e o x i d a t i o n  on char  r e a c t i v i t y  
in s t e a m  - - . - - - . 

(dXc/d t ) i  a t  85OOC f o r  c h a r s  preoxid ized  t o  d i f f e r e n t  burn- 
o f f  l e v e l s  a t  v a r i o u s  tempera tures  a r e  also c a l c u l a t e d  w i t h  t h e  
above procedure and p l o t t e d  a g a i n s t  t h e  burn-off dur ing  preoxida-  
t i o n  a s  a f u n c t i o n  o f  t h e  p r e o x i d a t i o n  tempera ture ,  a s  shown i n  
F igure  2. (dXc/d t ) i  i s  t h e  r a t e  of r e a c t i o n  observed a t  zero  
convers ion .  

i n c r e a s e  w i t h  burn-off  dur ing  preoxida t ion .  The e x t e n t  of t h i s  
i s  r a t h e r  l a r g e  f o r  t h e  c h a r s  preoxid ized  a t  r e l a t i v e l y  lower 
tempera tures  (40O-43O0C) .  On t h e  o t h e r  hand, a s  t h e  o x i d a t i o n  
tempera ture  rises, t h e  degree  of i n c r e a s e  i n  t h e  r a t e s  i s  s m a l l e r .  

E f f e c t  of carbon burn-off dur ing  p r e o x i d a t i o n  on amount of CO and 
CO? given o f f  

In  F igure  3, t h e  t o t a l  amounts of CO and CO given  o f f ,  when 
heated a t  92OoC, by samples t h a t  w e r e  p r e o x i d i z e i  t o  vary ing  
degrees  o f  burn-off a t  t empera tures  between 4 0 0  and 550°C a r e  
p l o t t e d  a g a i n s t  t h e  burn-off  t h a t  occur red  d u r i n g  t h e  preoxida t ion .  
A s  shown i n  t h e  F igure  3, t h e  t o t a l  amounts of  CO and C 0 2  g i v e n  of f  
by t h e  c h a r s  p r e o x i d i z e d  a t  lower tempera tures  i n c r e a s e d  markedly 
w i t h  i n c r e a s e s  i n  burn-off ,  b u t  t h e  t o t a l  amounts g iven  o f f  by t h e  
c h a r s  preoxid ized  a t  h igher  tempera tures  i n c r e a s e d  very  l i t t l e  
w i t h  i n c r e a s e s  i n  burn-off .  

i n i t i a l  r a t e  of r e a c t i o n  of char-steam and t h e  burn-off t h a t  occurs  
dur ing  p r e o x i d a t i o n ,  shown i n  F igure  2, is  s i m i l a r  t o  t h e  r e l a t i o n -  
s h i p  between t h e  t o t a l  amounts of  CO and C 0 2  g i v e n  o f f  by samples 
a t  92OoC and t h e  burn-off  t h a t  occurs d u r i n g  p r e o x i d a t i o n  shown i n  
F igure  3 .  In  both  c a s e s ,  an i n c r e a s e  a long  one a x i s  y i e l d s  an 
i n c r e a s e  along t h e  o t h e r .  

From e a r l i e r  works (1) ( 2 1 ,  it i s  w e l l  known t h a t  dur ing  t h e  
r e a c t i o n  o f  pure  carbon wi th  oxygen a s u r f a c e  oxide  is  formed and 
t h a t  t h e  thermal  decomposi t ion of t h e  o x i d e  y i e l d s  a mixture  of CO 
and C02.  P h i l l i p s  et  a l .  ( 3 )  found t h a t  t h e  amount of a s u r f a c e  
o x i d e  formed on a sample o f  p a r t i c u l a r  burn-off  decreased  wi th  
i n c r e a s i n g  r e a c t i o n  temperature .  From t h e  exper imenta l  r e s u l t s  
shown i n  F igure  3 ,  we conclude t h a t  t h e  amount of a s u r f a c e  oxide  
i n c r e a s e s  with burn-off d u r i n g  p r e o x i d a t i o n  and t h e  amount on a 
sample of  p a r t i c u l a r  burn-off  decreases  w i t h  i n c r e a s i n g  preoxida-  
t i o n  temperature .  P h i l l i p s  e t  a l .  ( 3 )  sugges ted  t h a t  decomposition 
o f  t h e  s u r f a c e  o x i d e  l e a v e s  h i g h l y  r e a c t i v e  s i t e s .  Consider ing 
t h e s e  works, our  r e s u l t s  sugges t  t h a t  t h e  i n c r e a s e  i n  t h e  i n i t i a l  
r a t e  of r e a c t i o n  of t h e  preoxid ized  c h a r  i n  steam i s  due t o  an 
i n c r e a s e  i n  t h e  number of h i g h l y  r e a c t i v e  sites l e f t  by t h e  decom- 
p o s i t i o n  o f  t h e  s u r f a c e  oxide .  

As seen  i n  F i g u r e  2 ,  t h e  ( d x c / d t ) i  f o r  t h e  preoxid ized  c h a r s  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e l a t i o n s h i p  between t h e  

Conclusions 

The r e a c t i v i t y  of preoxid ized  char  i n  steam has  been i n v e s t i -  
g a t e d .  I t  h a s  been found t h a t  p r e o x i d a t i o n  of  c h a r  markedly 
enhances t h e  i n i t i a l  r a t e  of  r e a c t i o n  of steam-char and t h a t  t h e  
degree  of t h e  i n c r e a s e  p a r a l l e l s  t h e  i n c r e a s e  i n  burn-off d u r i n g  
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preoxida t ion .  However, t h e  p r e o x i d a t i o n  temperature  s t r o n g l y  
a f f e c t s  t h e  degree  t o  which t h e  r e a c t i o n  ra te  can  be  i n c r e a s e d .  
I t  h a s  a l s o  been found t h a t  t h e r e  i s  a very  i n t i m a t e  r e l a t i o n s h i p  
between t h e  degree  t o  which t h e  r e a c t i o n  r a t e  can be  i n c r e a s e d  and 
t h e  amount of CO and C02 given  o f f  by preoxid ized  c h a r .  
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In t roduct ion  

Lummus Ci t ies -Fin ing  (LC-Fining) w a s  developed by C i t i e s  Serv ice  over t h e  p a s t  
twenty y e a r s  and i s  l icensed  by t h e  CE Lumus Company. The technology has  been 
s u c c e s s f u l l y  a p p l i e d  t o  t h e  upgrading of low q u a l i t y  petroleum crudes and r e f i n e r y  
res idues .  LC-Fining is c u r r e n t l y  being appl ied  t o  t h e  upgrading of c o a l  e x t r a c t s .  

The cost  o f  c o m e r c i a l  c o b a l t  molybdenum and n i c k e l  molybdenum c a t a l y s t s  h a s  
e s c a l a t e d  by a f a c t o r  of f o u r  over  t h e  last f i v e  years .  This has  produced a s t r o n g  
economic i n c e n t i v e  t o  r e g e n e r a t e  used LC-Fining c a t a l y s t s .  
research  program w a s  undertaken t o  obta in  d e t a i l e d  information on t h e  e f f e c t  o f  
var ious  s o l v e n t  and SRC types  on t h e  d e a c t i v a t i o n  of a c o m e r c i a l  S h e l l  324 nicke l -  
molybdenum c a t a l y s t ,  t o  understand t h e  mechanism o f  c a t a l y s t  d e a c t i v a t i o n  i n  
c a t a l y t i c  upgrading of c o a l  e x t r a c t s  and t o  develop e f f e c t i v e  regenera t ion  methods. 

Experiment a1 

Mater ia l s .  The s o l v e n t s  used i n  t h i s  s tudy  were Koppers heavy r e s i d u e  c reosote  o i l ,  
hydrogenated t o  7.0%, 7.5% and 8.0% hydrogen and labe led  f o r  t h i s  study a s  "so lvent  
D , "  "solvent C , "  and "solvent AB," respec t ive ly .  The so lvent  r e f i n e d  c o a l s  (SRC) 
used i n  t h i s  s t u d y  were from (1) Pyro Kentucky f 9  c o a l  processed a t  t h e  Wilsonvi l le  
SRC P i l o t  P lan t  u s i n g  Kerr McGee c r i t i c a l  so lvent  deashing a s  t h e  s o l i d s  s e p a r a t i o n  
method and l a b e l e d  as SRC I-A (Wilsonvi l le  Run 161 and 1 6 3 ) ;  ( 2 )  Kentucky #9 c o a l  
processed a t  t h e  F o r t  Lewis, Washington SRC P i l o t  P lan t  and l a b e l e d  as SRC I-B; and 
( 3 )  Fies  c o a l  processed a t  t h e  Wilsonvi l le  SRC P i l o t  P l a n t  a l s o  u s i n g  Kerr McGee 
deashing and des igna ted  a s  F i e s  SRC (Wilsonville Run 2 0 9 ) .  
S h e l l  324 nickel-molybdenum, 1 / 3 2  inch ex t ruda te .  The c a t a l y s t  w a s  p resu l f ided  
according t o  t h e  manufac turer ' s  suggested procedure b e f o r e  use. 
were obtained from t h e  CE Lumms LC-Fining PDU (Process  Development Unit) opera t ion  
i n  New Brunswick, N e w  Je rsey .  
7 0 / 3 0  volume blend of  SRC I-A/solvent AB f o r  28 days,  and spent  c a t a l y s t  B was 
obtained after process ing  a 50/50 volume blend of SRC I-B/solvent AB f o r  24 days. 
Elemental ana lyses  o f  t h e  s o l v e n t s  and SRC's a r e  given i n  Table I .  Naphthalene 
(F isher ,  sc in tana lyzed)  and hexadecane ( P f a l t z  and Bauer) were used i n  t h e  model 
compound hydrogenation r e a c t i o n s .  

Equipment and Analysis.  Batch c a t a l y s t  d e a c t i v a t i o n  experiments and naphthalene 
hydrogenation r e a c t i o n s  were performed i n  tubing bomb r e a c t o r s  of volumes of  46 cc 
and 17.5 c c ,  r e s p e c t i v e l y .  
maintained a t  430' Hydmepn Wac rhareerl t n  t h e  

tub ing  bomb through a Nupro f i n e  metering valve.  

Products from t h e  naphthalene hydrogenation r e a c t i o n s  were analyzed by gas chromato- 
graphy us ing  a Varian Model 3700 equipped with a SP2250 column (2 .4  m x 0 .3  m O.D.), 
FID de tec t ion  and temperature programing from 60" t o  165°C a t  5"Clmin. 
area measurements o f  t h e  c a t a l y s t s  were obtained by n i t r o g e n  adsorp t ion .  

The Auburn Univers i ty  

The c a t a l y s t  used was 

Spent c a t a l y s t s  

Spent c a t a l y s t  A was obtained a f t e r  process ing  a 

The tubing bomb w a s  immersed i n  a f l u i d i z e d  sand ba th  
2'C and was n e i t n t d  nt 860 PPM 

Surface 
Cata lys t  
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p e l l e t s  were regenerated by low, medium and high temperature  ashing.  
L.F.E. Model 504 low temperature a s h e r  (LTA) operated a t  0 .5  mm Hg oxygen and 250 
w a t t s  was used f o r  t h e  LTA experiments. 

Reaction Procedures. 
tubing bomb a t  430'C and 1250 psig i n i t i a l  hydrogen p res su re  charged a t  25'C. 
70/30 SRC/solvent charge (weight b a s i s )  was used wi th  an i n i t i a l  f r e s h  c a t a l y s t  
weight of 1.25 g. Four deac t iva t ion  cyc les  were performed; each c y c l e  was followed 
by a s e p a r a t e  hydrogenation r eac t ion  on a c a t a l y s t  a l i q u o t  using a 10 w t . %  naphtha- 
l e n e  i n  hexadecane so lu t ion  reacted i n  a 17.5 cc tub ing  bomb at  t h e  r e a c t i o n  
cond i t ions  of 410°C and 1250 p s i g .  

A four  chamber 

The batch c a t a l y s t  d e a c t i v a t i o n  s tudy was performed i n  a 46cc 
A 

Resu l t s  and Discussion 

Ca ta lys t  Deact ivat ion.  Deact ivat ion of S h e l l  324 Ni/Mo c a t a l y s t  used i n  t h e  upgrad- 
ing of SRC was examined i n  four  cyc le  batch deac t iva t ion  experiments using va r ious  
SRC/solvent feed blends.  The loss of c a t a l y s t  hydrogenation a c t i v i t y  a f t e r  t h e  SRC 
r e a c t i o n  was measured by t h e  degree of naphthalene hydrogenation a f t e r  each cyc le .  
A s  shown i n  Table 2 ,  the  c a t a l y s t  showed d e a c t i v a t i o n  i n  each SRC/solvent system a s  
measured by a decrease i n  naphthalene conversion. A comparison of t h e  a c t i v i t y  
l e v e l  of t h e  f resh  p resu l f ided  Ni/Mo c a t a l y s t  i s  a l s o  given. 
combinations of SRC and solvent  employed, t h e  SRC I-A/solvent C and SRC I-B/solvent  
C systems appear t o  have t h e  l e a s t  c a t a l y s t  deac t iva t ion  a f t e r  four  r e a c t i o n  cyc les .  

When so lven t  and c a t a l y s t  w i th  no SRC present  a r e  r eac t ed  i n  a s i m i l a r  s e t  of expe r i -  
ments, e s s e n t i a l l y  no c a t a l y s t  deac t iva t ion  was observed a s  measured by changes i n  
naphthalene conversion.  However, comparisons of t h e  e n t i r e  product d i s t r i b u t i o n s  
between t h e  f resh  p resu l f ided  c a t a l y s t  and t h e  solvent  t r e a t e d  c a t a l y s t s  showed a 
d e f i n i t e  d i f f e r e n c e  a s  i l l u s t r a t e d  i n  Table 3. Less deca l in  formation and more 
t e t r a l i n  formation of the solvent  t r e a t e d  c a t a l y s t  r e p r e s e n t s  a decrease in  the  
hydrogenation a c t i v i t y  of t h e  c a t a l y s t  a f t e r  contact  w i t h  t h e  so lvent .  

Ta i lo r ing  o f  t h e  so lvent  and SRClsolvent combination f o r  maximal SRC upgrading and 
minimal c a t a l y s t  deac t iva t ion  may be an  important f a c t o r  i n  c a t a l y t i c  upgrading 
according t o  prel iminary evidence. This  c e r t a i n l y  warrants  f u r t h e r  i n v e s t i g a t i o n .  
A comparison of t h e  f i v e  d i f f e r e n t  SRC/solvent combinations using c a t a l y s t  prepared 
i n  t h e  same batch i n d i c a t e s  t h a t  so lven t  AB i n  concert  w i th  t h e  S R C ' s  used may have 
a more pronounced d e a c t i v a t i n g  e f f e c t  than t h a t  of so lven t  C. The deac t iva t ion  
behavior p l o t t e d  i n  terms of t h e  naphthalene conversion a f t e r  each cyc le  is  given 
i n  Figure 1. 

Since coking occurs  a t  high carbon loadings ,  e l eva ted  r e a c t i o n  temperatures  and 
cond i t ions  o f  hydrogen s t a r v a t i o n ,  experiments w e r e  performed t o  i n v e s t i g a t e  t h e  
e f f e c t  of each of t h e s e  parameters on c a t a l y s t  d e a c t i v a t i o n  a t  t h e  SRC/solvent 
r eac t ion  temperature. Deact ivat ion d a t a  h a s  been obtained wi th  a range of SRC 
loadings i n  two c y c l e  hydroprocessing r e a c t i o n s .  The e f f e c t  of increased SRC load- 
ing on c a t a l y s t  a c t i v i t y  is  evident a f t e r  one cyc le  and becomes more pronounced 
a f t e r  two. Cata lys t  a c t i v i t y  d e f i n i t e l y  decreases  wi th  inc reased  SRC loadings 
(Figure 2 ) .  
temperatures and a t  cond i t ions  involving both excess  and l i m i t e d  hydrogen. 
ments using SRC I - A  and SRC I-B with so lvent  AB and f r e s h  p resu l f ided  c a t a l y s t s  
show high l e v e l s  of a c t i v i t y  a t  430'C a f t e r  one c y c l e  which r a p i d l y  dropped off  t o  
e s s e n t i a l l y  no a c t i v i t y  a t  5OO0C (Table  4 ) .  
using 1250 p s i g  hydrogen and no hydrogen a t  500'C. 
spent c a t a l y s t s  from the  LC-Fining PDU operat ion and f resh  p resu l f ided  c a t a l y s t .  A 
45% i n c r e a s e  was observed i n  the  hydrogenation a c t i v i t y  l e v e l  of t h e  f r e s h  s u l f i d e d  
c a t a l y s t  w i th  hydrogen present  a s  opposed t o  no hydrogen being present .  No d i f f e r -  
ence i n  c a t a l y s t  a c t i v i t y  was observed f o r  t h e  spent c a t a l y s t  r e g a r d l e s s  of hydrogen 

Of t h e  va r ious  

Experiments were a l s o  performed a t  cons t an t  SRC loading a t  e l eva ted  
Experi- 

Hydroprocessing r e a c t i o n s  were performed 
The c a t a l y s t s  used were both t h e  
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presence,  
observable a t  lower process ing  temperatures.  

Deactivation Mechanism. Regeneration of spent c a t a l y s t s  from t h e  LC-Fining PDU 
opera t ion  was attempted us ing  c o n t r o l l e d  oxida t ion  a t  t h r e e  temperature l e v e l s :  
'U5OoC in  an  exc i ted  oxygen atmosphere; medium,370°C with a n  air  atmosphere; and 
h igh ,  95OoC a l s o  wi th  a i r  atmosphere. 
a f t e r  ox ida t ion  or gr inding  a r e  shown i n  Figure 3. 
spent  c a t a l y s t  A and B i s  low b e f o r e  o x i d a t i v e  t rea tment ,  w i t h  c a t a l y s t  A showing 
g r e a t e r  deac t iva t ion  (PDU run  a t  70/30 SRC/solvent r a t i o ) .  Spent c a t a l y s t  B can be 
e s s e n t i a l l y  regenerated t o  i t s  o r i g i n a l  a c t i v i t y  level a s  based on naphthalene 
conversion by a combination of medium temperature ash ing  followed by p r e s u l f i d i n g .  
P r e s u l f i d i n g  a lone  provides  s i g n i f i c a n t  regenera t ion  for spent  c a t a l y s t  B and a 
d e f i n i t e  i n c r e a s e  i n  a c t i v i t y  of s p e n t  c a t a l y s t  A. P r e s u l f i d i n g  of t h e  spent c a t a l y s t  
p e l l e t s  apparent ly  increased  t h e  c a t a l y s t  a c t i v i t y  b y  a c t i v a t i n g  o r  s u l f i d i n g  s i t e s  
which had l o s t  t h e i r  a c t i v i t y  dur ing  t h e  c o a l  e x t r a c t  upgrading r e a c t i o n  and removal 
of hydrocarbon depos i t s .  Grinding t h e  spent  c a t a l y s t  p e l l e t s  t o  -200 mesh provides 
increased a c t i v i t y  f o r  bo th  spent c a t a l y s t s  poss ib ly  by exposing f r e s h  a c t i v e  s i t e s .  
Both high temperature and low tempera ture  ash ing  show s l i g h t  increases  i n  t h e  a c t i v i t y  
of spent c a t a l y s t  B ,  b u t  none f o r  s p e n t  c a t a l y s t  A. 

The r a t e  of  carbonaceous m a t e r i a l  removal from t h e  spent  c a t a l y s t s  dur ing  medium 
temperature oxida t ion  is shown i n  F igure  4 .  
c a t a l y s t  B p e l l e t s  and p e l l e t s  of b o t h  spent  c a t a l y s t  A and B ground t o  -200 mesh 
reached constant weight. However, n i n e t y  hours a r e  requi red  for  spent c a t a l y s t  A 
t o  reach  cons tan t  weight. 
a h igher  SRC loading i n  PDU feed may have more carbonaceous mater ia l  blocking t h e  
pores .  

Surface a r e a  ana lyses  were performed us ing  both  spent  c a t a l y s t s  A and B and c a t a l y s t s  
A and B regenerated by medium tempera ture  oxida t ion  followed by s u l f i d i n g .  
s u r f a c e  a r e a s  before  and a f t e r  t rea tment  and t h e  naphthalene conversions obta ined  a r e  
given i n  Table  5 .  A d i r e c t  c o r r e l a t i o n  between s u r f a c e  area and hydrogenation 
a c t i v i t y  of t h e  c a t a l y s t  is observed and is shown i n  F igure  5 .  

Spent c a t a l y s t s  ob ta ined  a f t e r  f o u r  ba tch  r e a c t i o n  cyc les  of  SRC I-B/solvent AB and 
F i e s  SRC/Solvent D were regenera ted  i n  t h e  same manner as t h e  spent c a t a l y s t s  ob ta ined  
from t h e  PDU opera t ion .  By medium temperature ash ing  followed by p r e s u l f i d i n g ,  the 
b a t c h  deac t iva ted  c a t a l y s t s  a r e  regenera ted  t o  e s s e n t i a l l y  t h e i r  o r i g i n a l  a c t i v i t y  
l e v e l .  Medium temperature o x i d a t i o n  a lone  of t h e  b a t c h  deac t iva ted  c a t a l y s t s  g ives  
p a r t i a l  b u t  no t  complete c a t a l y s t  regenera t ion .  

To determine the  e f f e c t  of meta ls  d e p o s i t i o n  on c a t a l y s t  d e a c t i v a t i o n ,  ash  obtained 
from Kentucky 19 c o a l  w a s  added t o  s o l v e n t  C and b a t c h  deac t iva t ion  experiments were 
performed. The degree of c a t a l y s t  d e a c t i v a t i o n  a t  vary ing  ash  concent ra t ions  is 
shown i n  F igure  6. 

A more s u b s t a n t i a l  e f f e c t  of t h e  hydrogen presence would most l i k e l y  be 

low, 

A histogram o f  t h e  regenera t ion  l e v e l s  achieved 
The hydrogenation a c t i v i t y  of both  

Af te r  f o r t y  hours  of ox ida t ion ,  spent 

These r e s u l t s  i n d i c a t e  t h a t  spent  c a t a l y s t  A ob ta ined  from 

The carbonaceous m a t e r i a l  may a l s o  b e  more r e f r a c t o r y .  

The 

Summary. 
c o a l  e x t r a c t s  i n d i c a t e  d e a c t i v a t i o n  of t h e  S h e l l  324 Ni/Mo c a t a l y s t  i n  t h e  presence 
of SRC. A t  increased l e v e l s  o f  SRC loading ,  d e a c t i v a t i o n  increases .  The ch ief  cause 
of c a t a l y s t  d e a c t i v a t i o n  appears to b e  coking. The S h e l l  324 c a t a l y s t  can b e  sub- 
s t a n t i a l l y  regenerated a f t e r  t h e  upgrading r e a c t i o n  by medium temperature ash ing  
followed by  presu l f id inp .  

Batch experiments a s  wel l  as r e s u l t s  from LC-Fining c a t a l y t i c  upgrading of 
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Table 1 

Analysis  of Solvents  and SRC 

Solvent Solvent  Solvent 
A/B C D SRC I - A  SRC I-B F i e s  SRC 

Elemental content ,  
Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Su l fu r  
Ash, w t %  

D i s t i l l a t i o n ,  OF 
276.8 
336.2 
395.6 
435.2 
464.0 
500.0 
582.8 
647.6 
674.6 
746.6 
820.4 

w t  % 
91.48 

8.01 
<0.5 

0.29 
0.03 

0.0 
0.4 
1.4 
2 .3  
3 .3  
6 . 3  

21.6 
25.9 
35.8 
64 .0  

100.0 

91.6 
7.5 

C0.5 
0.36 
0.19 

0.0 
0.9 
3.9 
6.8 
9.6 

15.8 
34.6 
47.5 
57.5 
81.9 
99.9 

91.28 9 0 . 3 s . 1  8 7 9 . 2  8 7 . 6 3 . 2  
7 .03  6 . 4 s . 2  6 . 2 9 . 1 6 . 2 i 3 . 1  
0 .88  - - - 
0.69 2 . 1 3 . 2  2 . 1 9 . 3 2 . 0 + 0 . 2  
0.27 - - - 

0.2  0 . 6  - 

0.0 
1.1 
1.8 
2.5 
3.0 
4.4 

12.6 
17.9 
24.5 
52.6 
99.9 

Table 2 

Batch Ca ta lys t  Deact ivat ion T e s t s  With SRC and Solvent  

Naphthalene Conversion i n  A c t i v i t y  
P resu l f ided  Test  Reaction With Deact ivated 

Ca ta lys t  C a t a l y s t  From 
Batch Naphthalene 1st 2nd 3rd  4 t h  

Feed Blend Number Conversion Cycle Cycle Cycle Cycle 

Fresh Pre- 1 94 
su l f ided  2 90 
Catalyst  3 99.5 
SRC I - A /  1&2 83+5 4453 , 33 3 2  
Solvent AB 3 84 60 

Solvent AB 3 8 3+? 7 1+7 59 4 8  
SRC I - A /  

SRC I-B/ 1&2 8 6+4 6 6+5 40 34  

Solvent C 3 
SRC I-B/  3 
Solvent C 3 
F i e s  SRC/ 3 
Solvent D 3 
Fies  SRC/ 
Solvent D 3 

86 74  67 - 
86 7 3  68  6 4  
85 70  - - 
92 80  43 22 
84 7 5  64 3 5  

7 3  68  59 39  
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Table 3 

Comparison of Product D i s t r i b u t i o n  Before and A f t e r  Solvent Aging 

Base Ac t iv i ty  
With Fresh 

1 

Presu l f ided  Solvent AB Solvent C 
C a t a l y s t  1 s t  Cycle 2nd Cycle 1st Cycle 2nd Cycle 

Naphthalene conversion 99.5 98.9 98.9 98.9 98.9 

Conversion t o :  
Trans-decal in  
C i s -  decal i n  
T e  t ral in  

74 
1 9  

6 

34 28 40 29 
11 10 13 11 
46 58 39 54 

Table 4 

Effect  of  Elevated Temperature and Hydrogen S t a r v a t i o n  on Cata lys t  Ac t iv i ty  

Hydroprocessing 
Reaction Temperature, 'C % Naphthalene Conversion 
( i n i t i a l  1!2pressure = 1250 p s i )  Feed Blend i n  Ac t iv i ty  Test 

430 
460 
500 

430 
460 
500 

SRC I-A/Solvent AB 
SRC I-A/Solvent AB 
SRC I-A/Solvent AB 

SRC I-B!Solvent AB 
SRC I-B/Solvent AB 
SRC I-B/Solvent AB 

a4 
5 1  
17 

84 
40 
10 

Cata lys t  

Hydrogen Naphthalene Conversion 
P res su re  i n  Ac t iv i ty  Test 

Feed Blend w i g  
( r e a c t i o n  temperature  = 5OO0C) 

Spent Ca ta lys t  A SRC I-A/Solvent AB 1250 
Spent Ca ta lys t  A SRC I-A/Solvent AB 0 

' 6  
5 

Spent Ca ta lys t  B SRC I-B/Solvent AB 1250 6 
Spent Ca ta lys t  B SKC I-B/Solvent AB 0 5 

Fresh P resu l f ided  

Fresh P resu l f ided  
Catalyst  SRC I-A/Solvent AB 1250 

Ca ta lys t  S K C  I-B/Solvent AB U 

17 

._ 
I L  
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Table 5 

Surface Area and the Hydrogenation Activity of Different Catalysts 

Catalyst 

% Naphthalene 
Surface Area Conversion In 

m2/g Activity Test 

Spent Catalyst A 
Spent Catalyst B 
Spent Catalyst A-oxidized 

a t  37O0C and presulfided 
Fresh presulfided catalyst  
Spent Catalyst B-oxidized 

a t  370'C and presulfided 

2 
87 

141 
188 

225 

34 
73 

92 
99 

100 
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THE EFFECTS OF CATALYSTS ON SHORT CONTACT TIME COAL LIQUEFACTION* 

M. G. Thomas, T. C .  B i c k e l ,  B.  Granoff 

Process  Research D i v i s i o n  4731, Sandia  N a t i o n a l  L a b o r a t o r i e s  
Albuquerque, N e w  Mexico 87185 

I n t r o d u c t i o n  

An under s t and ing  of t h e  e f f e c t s  o f  i n h e r e n t  (1-3)  ( i . e . ,  n a t u r a l l y  
o c c u r r i n g  m i n e r a l  m a t t e r )  and e x t e r n a l l y  added c a t a l y s t s  ( 4 )  i s  of  
prime importance f o r  t h e  p roduc t ion  of  s y n t h e t i c  l i q u i d  f u e l s  by t h e  
d i r e c t  l i q u e f a c t i o n  o f  c o a l .  F u t u r e  l i q u e f a c t i o n  p r o c e s s  c o n c e p t s  
w i l l  r e q u i r e  an e x t e n s i v e  r e s e a r c h  d a t a  b a s e ,  i n c l u d i n g  t h e  r a t e s  and 
mechanisms of t h e  v a r i o u s  chemical  s t e p s  t h a t  occur  when s o l i d  c o a l s  
are conver ted  i n t o  u s e f u l  l i q u i d  p r o d u c t s .  ( 5 )  I n  a g e n e r i c  d i r e c t  
c o a l  l i q u e f a c t i o n  p r o c e s s  ( F i g u r e  l ) ,  t h e  c o a l / s o l v e n t  s l u r r y  and 
hydrogen a r e  f i r s t  p r e h e a t e d  t o  l i q u e f a c t i o n  t e m p e r a t u r e s  (400-475OC), 
and a r e  then  f e d  t o  a c a t a l y t i c  r e a c t o r  o r  d i s s o l v e r .  The average  
r e s i d e n c e  t i m e  i n  t h e  r e a c t o r  i s  g e n e r a l l y  an o r d e r  of  magnitude g r e a t e r  
t h a n  t h a t  i n  t h e  p r e h e a t e r .  (6) The r e a c t i o n s  t h a t  o c c u r  i n  t h e  p r e -  
h e a t  s t a g e  i n v o l v e  t h e  d i s s o l u t i o n  o f  c o a l ;  i . e . ,  t h e  c o n v e r s i o n  of 
c o a l  t o  s p e c i e s  ( such  a s  p r e a s p h a l t e n e s )  t h a t  a r e  s o l u b l e  i n  te t ra-  
hydro fu ran  (THF). ( 7 )  A l l  c u r r e n t  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s  u t i l -  
i z e  p r e h e a t e r s  where c o a l  d i s s o l u t i o n  t a k e s  p l a c e ,  and t h e y  a l s o  t a k e  
advan tage  of  t h e  c a t a l y t i c  e f f e c t s  of  t h e  i n h e r e n t  m i n e r a l  matter i n  
c o a l .  

Shor t - con tac t - t ime  (SCT) l i q u e f a c t i o n  ( 8 1 ,  a s  w e  d e f i n e  it, r e f e r s  
t o  t h e  minimum t ime a t  a given t empera tu re  r e q u i r e d  f o r  t h e  comple t e  
d i s s o l u t i o n  of  t h e  c o a l .  This  t ime i s  s u f f i c i e n t l y  l o n g  t o  c o n v e r t  
t h e  c o a l  t o  p r e a s p h a l t e n e s ,  b u t  i s  s h o r t  enough so t h a t  secondary 
r e a c t i o n s  ( i . e . ,  t h e  conve r s ion  o f  p r e a s p h a l t e n e s  t o  t o l u e n e  and pen- 
t a n e  s o l u b l e s )  t a k e  p l a c e  t o  o n l y  a l i m i t e d  e x t e n t .  T r a d i t i o n a l l y ,  
t h e  i n i t i a l  d i s s o l u t i o n  s t e p  has  n o t  been cons ide red  i n  c a t a l y s t  
s t u d i e s ,  g e n e r a l l y  due t o  t h e  b e l i e f  t h a t  t h i s  s t e p  cannot  be c a t a l y t i -  
c a l l y  enhanced. We w i l l  show t h a t  c a t a l y s t s  do have an e f f e c t  on SCT 
l i q u e f a c t i o n .  F i r s t ,  however, w e  w i l l  d e s c r i b e  a m e c h a n i s t i c  pathway 
f o r  c o a l  l i q u e f a c t i o n  r e a c t i o n s .  Fol lowing t h i s ,  w e  w i l l  d i s c u s s  t h e  
r o l e  of  c a t a l y s t s  and t h e  p o t e n t i a l  impacts  of c a t a l y s i s  on c u r r e n t  
and f u t u r e  l i q u e f a c t i o n  p r o c e s s e s .  

D i scuss ion  

The fo l lowing  series r e a c t i o n  p a t h  f o r  c o a l  l i q u e f a c t i o n  is i n  
agreement wi th  t h e  bulk  o f  l i t e r a t u r e  d a t a :  (9-10) 

1. c o a l  + s o l v e n t  -L p r e a s p h a l t e n e  
2 .  p r e a s p h a l t e n e  a s p h a l t e n e  

3. a s p h a l t e n e  + o i l  

The f i r s t  s t e p  o f  t h i s  r e a c t i o n  i s  u s u a l l y  cons ide red  t o  be non- 
c a t a l y t i c ;  i . e . ,  s o l i d  c o a l  p l u s  s o l i d  c a t a l y s f  p l u s  a s o u r c e  o f  hydro- 
gen i s  a very  u n l i k e l y  t y p e  o f  r e a c t i o n .  In  a d d i t i o n ,  mo lecu la r  
hydrogen does n o t  appea r  t o  have a s i g n i f i c a n t  involvement i n  t h e  
d i s s o l u t i o n  process .  

* T h i s  work suppor ted  by t h e  U . S .  Department o f  Energy. 
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The secondary r e a c t i o n s ,  2 and 3 ,  a r e  c o n s i d e r e d  t o  be  s o l u t i o n  
phase r e a c t i o n s  and do i n v o l v e  hydrogen t r a n s f e r .  D i r e c t  i n t e r a c t i o n  
between hydrogen g a s  and model compounds has  been obse rved ,  b u t  t h e  
more u s u a l  mechanism i s  t h e  t r a n s f e r  o f  hydrogen th rough  t h e  
s o l v e n t .  (11-12)  T h i s  r e a c t i o n  i n  p a r t i c u l a r  a p p e a r s  t o  be  c a t a l y t i -  
c a l l y  enhanced. 

A t  t h i s  p o i n t ,  o n e  needs  t o  r e a s s e s s  t h e  p o s s i b i l i t y  o f  c a t a l y s t  
a f f e c t i n g  t h e  d i s s o l u t i o n  s t e p .  There are marked s o l v e n t  q u a l i t y  
e f f e c t s  bo th  i n  upgrad ing  and i n  c o a l  d i s s o l u t i o n . ( l 3 - 1 4 )  Because t h e  
i n t e r c o n v e r s i o n s  o f  t h e  p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and o i l  are a f f e c t -  
ed  by c a t a l y s t s ,  and because  t h e s e  moieties a r e  p a r t s  o f  t h e  s o l v e n t  
which a f f e c t s  d i s s o l u t i o n ,  it fo l lows  t h a t  c a t a l y s t s  are a f f e c t i n g  
c o a l  d i s s o l u t i o n .  The e x i s t e n c e  o f  t h e  s o l v e n t  q u a l i t y  e f f e c t  a lso 
unequivocably e s t a b l i s h e s  t h a t  s o l v e n t  i s  an i n t e g r a l  r e a c t a n t  ( n o t  
j u s t  a medium) i n  t h e  f i r s t  s t e p  o f  d i s s o l u t i o n .  

I n  F igu re  2, t w o  examples of c a t a l y t i c  e f f e c t s  o f  mine ra l  m a t t e r  
These examples are s p e c i f i c  t o  FeS2, on l i q u e f a c t i o n  are shown. (15) 

s i n c e  FeS has  been shown t o  b e  t h e  m o s t  a c t i v e  c a t a l y t i c  s p e c i e s  
i n  minera? m a t t e r .  
w i t h  t h e  inc remen ta l  a d d i t i o n  o f  FeS . This  i n d i c a t e s  a p p a r e n t  ra te  
enhancement a l though  i n s u f f i c i e n t  daga were c o l l e c t e d  t o  compare ra te  
c o n s t a n t s .  A t  c o n s t a n t  c o n v e r s i o n ,  F igu re  2b, a s e l e c t i v i t y  t o  o i l  
(as  opposed t o  gas  make) i s  o b t a i n e d  by t h e  a d d i t i o n  o f  5 w t  % p y r i t e  
and lowering t h e  r e a c t i o n  t e m p e r a t u r e  by 25°C. 

I n  F i g u r e  2 a ,  w e  have shown enhanced conve r s ion  

An example s p e c i f i c  t o  SCT l i q u e f a c t i o n  i s  shown i n  F i g u r e  3. ( 1 6 )  
Here w e  have shown the  marked e f f e c t  o f  t h e  a d d i t i o n  o f  FeS2 on t h e  
d i s s o l u t i o n  and c o n v e r s i o n  o f  c o a l  a t  t e m p e r a t u r e s  where secondary 
r e a c t i o n s  are n o t  obse rved .  An % 15 w t  % i n c r e a s e  i n  THF s o l u b l e s  and 
a complete regime change from s o l v e n t  imbalance ( n e g a t i v e  t o l u e n e  
s o l u b l e s )  t o  a sma l l  p o s i t i v e  conve r s ion  t o  t o l u e n e  s o l u b l e s  i s  
observed.  

These examples have demons t r a t ed  marked e f f e c t s ,  bo th  i n  a p p a r e n t  
rate enhancement and i n  p roduc t  s e l e c t i v i t y .  However, t o  o p t i m i z e  
t h e  p o s s i b l e  c a t a l y s t  e f f e c t s ,  w e  need t o  p r o p e r l y  u t i l i z e :  (1) t h e  
Fe-S system; and ( 2 )  t h e  r e a c t i v i t y  o f  t h e  coa l -de r ived  p roduc t s .  

The Fe-S sys t em has  been s t u d i e d  i n  d e t a i l  bo th  i n  t h e  p re sence  
and absence o f  H2.  
decomposi t ion of FeS i n  a TGA a p p a r a t u s  and determined rates and 
a c t i v a t i o n  e n e r g i e s .  
o f  hydrogen, t h e  a c t i v a t i o n  ene rgy  was measured t o  be % 30 kcal /mole 
i n  each  case .  
t h e  a c t i v a t e d  complex o f  t h e  r a t e  de te rmin ing  s t e p ;  i . e . ,  hydrogen 
a d s o r p t i o n  and d i s s o c i a t i o n  may occur  b u t  does  n o t  a f f e c t  t h e  ra te  o f  
decomposi t ion of p y r i t e .  A mechanism c o n s i s t e n t  w i t h  t h e  d a t a  is:  

I n  1947,  Schwab and P h i l l i n i s  ( 1 7 )  measured t h e  

Although t h e  r a t e s  were a f f e c t e d  by t h e  p re sence  

The measurements p o i n t  o u t  t h a t  hydrogen i s  n o t  p a r t  of  

FeS2 p FeS + S 

H + HS i? H 2 S  

s + n? s HS + H 

Paramount i n  t h i s  d e s c r i p t i o n  i s  t h e  concep t  t h a t  t h i s  i n  an  e q u i l i b r i u m  
sys t em and t h a t  no i n d i v i d u a l  s p e c i e s  invo lved  can be  d e s c r i b e d  sepa r -  
a t e l y  t o  e x p l a i n  t h e  obse rved  c a t a l y t i c  e f f e c t s .  
s e n s e ,  it i s  m o s t  l i k e l y  t h e  H S f u g a c i t y  which c o n t r o l s  t h e  e q u i l i b r i u m  
and e s t a b l i s h e s  o u r  s t e a d y  stage a c t i v i t y .  

I n  an o p e r a t i o n a l  
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I 

The rate o f  decomposi t ion is a f f e c t e d  by coal and s o l v e n t ,  b u t  
t h e  a c t i v a t i o n  ene rgy  i s  n o t  a f u n c t i o n  o f  t h e  system ( i . e . ,  e x t e r n a l  
a tmosphe re ) .  R a t e  c o n s t a n t s  f o r  t h e  decomposi t ion,  a t  35OoC, i n  t he  
p resence  o f  c o a l  and s o l v e n t ,  s o l v e n t  and hydrogen, and wi th  hydrogen 
a lone  have been c a l c u l a t e d ,  kcoal+solvent = 4 ~ 1 0 - ~  mole/min, ksolvent = 

= 1 . 9 ~ 1 0 - 1  mole/min. (181 4.5x10-' mole/min, 
k H z  

Our second approach t o  c a t a l y s t  a c t i v i t y  r e g a r d s  t h e  r e sponse  o f  
t h e  s u b s t r a t e  molecu le s  ( e .g . ,  p r e a s p h a l t e n e s )  t o  " c a t a l y t i c "  t r e a t m e n t .  
A method developed f o r  o b t a i n i n g  and o b s e r v i n g  e f f e c t s  i s  shown i n  
F igu re  4 .  ( 6 )  Three p r e a s p h a l t e n e s ,  d i f f e r i n g  i n  r e a c t i v i t y ,  were 
p repa red  i n  t h r e e  s e p a r a t e  a u t o c l a v e  r u n s  a t  35OoC/30 minu tes ,  405OC/5 
minutes ,  and 43OoC/30 minu tes ,  a l l  a t  Q 1800 p s i g  H . P r e a s p h a l t e n e s  
were i s o l a t e d  by s o l v e n t  e x t r a c t i o n  t e c h n i q u e s ,  a n d 2 t h e i r  subsequen t  
r e a c t i v i t i e s  were measured i n  m i c r o r e a c t o r  expe r imen t s  a t  4OO0C, 
10  minu tes ,  and 450 p s i g  H . The the rma l  r e a c t i v i t y  (no  added c a t a l y s t )  
i s  shown i n  F i g u r e  4a as a2c ross -ha tched  p l a n e ,  where t h e  c o n v e r s i o n  
of t h e  p r e a s p h a l t e n e s  w a s  p l o t t e d  a g a i n s t  t h e  t i m e  and t e m p e r a t u r e  a t  
which t h e y  w e r e  p repa red .  The speck led  p l a n e  w a s  o b t a i n e d  by analogous 
expe r imen t s  w i t h  t h e  a d d i t i o n  of  a ground suppor t ed  CoMo c a t a l y s t - -  
American Cyanamid 1442A CoMo. 

The s l o p e  of the p l a n e  f o r  t h e  c a t a l y z e d  r u n s  i s  g r e a t e r  t h a n  
t h a t  obse rved  f o r  t h e  the rma l  r u n s ,  which i n d i c a t e s  a ra te  enhancement 
by CoMo. More i m p o r t a n t l y ,  t h e  two-plane s u r f a c e s  i n t e r s e c t .  T h i s  
i n t e r s e c t i o n  i s  a l i n e  by d e f i n i t i o n ,  F i g u r e  4b. ( I n c r e a s i n g  t h e  num- 
b e r  of p o i n t s  would p robab ly  produce non-plane s u r f a c e s  i n t e r s e c t i n g  i n  
a cu rve . )  Th i s  l i n e  o f  i n t e r s e c t i o n  d e s c r i b e s  t h e  demarcat ion o f  sub- 
s t r a t e  r e a c t i v i t y  between o b s e r v a b l e  c a t a l y t i c  e f f e c t s ,  and non- 
o b s e r v a b l e  c a t a l y t i c  e f f e c t s .  T h i s  a n a l y s i s  is c a t a l y s t - s p e c i f i c ,  and 
o u r  d e s c r i p t i o n  i s  r e a c t i o n - s p e c i f i c  f o r  t h e  decomposi t ion o f  p r e a s p h a l -  
t e n e s .  Thus w e  have a way to :  (1) tes t  f o r  c a t a l y t i c  a c t i v i t y ;  and 
( 2 )  de te rmine  when and where c a t a l y s t  shou ld  b e  employed. 

Summary 

The e f fec ts  o f  c a t a l y s t  on t h e  e a r l y  s t a g e s  o f  coal l i q u e f a c t i o n  
have been d e s c r i b e d  i n  terms o f  changes i n  d i s s o l u t i o n  and p r o d u c t  
d i s t r i b u t i o n .  The major p o i n t s  e s t a b l i s h e d  f o r  SCT l i q u e f a c t i o n  
i n c l u d e  : 

1. 

2 .  

3. 

C a t a l y s t s  o f  some form a r e  p r e s e n t  d u r i n g  t h e  i n i t i a l  
s t a g e s  of  a l l  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s ;  
C a t a l y s t s  a f f e c t  b o t h  d i s s o l u t i o n  ( i n d i r e c t l y )  and 
secondary r e a c t i o n s ;  and 

Coal-der ived materials t h a t  have been formed a t  s h o r t  
t i m e s  are more t h e r m a l l y  r e a c t i v e  and more s e n s i t i v e  
t o  subsequen t  c a t a l y t i c  t r e a t m e n t  t h a n  coa l -de r ived  
materials t h a t  have been formed a t  l o n g e r  r e s i d e n c e  
t i m e s .  
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Figure 1. A Generic Description for Coal Liquefaction 

Figure 2. Effect of Mineral Matter on Liquefaction 
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RECENT DEVELOPMENTS I N  HIGH GRADIENT MAGNETIC SEPARATION (HGMS) FOR COAL DESULFURI- 
ZATION. Y. A. L iu .  Department of Chemical Engineer ing ,  Auburn U n i v e r s i t y ,  Auburn 

Un ive r s i ty ,  Alabama 36849. 

The o b j e c t i v e s  of  t h i s  paper  a r e  t o  d e s c r i b e  t h e  b a s i c  p r i n c i p l e s  of HGMS, to d i s -  
Cuss the  gene ra l  des ign  f e a t u r e s  of l a b o r a t o r y  and i n d u s t r i a l  HGMS u n i t s  and t o  rev iew 
the  r ecen t  developments of HGMS p rocesses  a p p l i e d  t o  c o a l  d e s u l f u r i z a t i o n .  In p a r t i c u -  
l a r ,  t h i s  paper sumnar izes  t h e  c u r r e n t l y  a v a i l a b l e ,  t e c h n i c a l  and economical i n fo rma t ion  
on var ious  HGMS processes  f o r  d e s u l f u r i z a t i o n  of coa l /wa te r  s l u r r y ,  d ry  p u l v e r i z e d  c o a l ,  
r eac t ed  c o a l  s l u r r i e s  ( l i q u e f i e d  c o a l ) ,  c o a l / o i l  mix tu re  and coa l lmethanol  s l u r r y .  I n  
a d d i t i o n ,  t h e  use of several p h y s i c a l  and chemica l  methods a s  p re t r ea tmen t  s t e p s  f o r  
magnetic d e s u l f u r i z a t i o n  is  desc r ibed .  
s t a t u s  r e p o r t  of nove l  cont inuous  HGMS p rocesses  be ing  developed f o r  d e s u l f u r i z a t i o n  Of  

d ry  pu lve r i zed  c o a l  f o r  u t i l i t y  a p p l i c a t i o n s .  

O f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  paper  i s  a 
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INVESTIGATION OF THE HIGH-TEMPEMTURE BEHAVIOR OF COAL ASH I N  REDUCING AND O X I D I Z I N G  
ATMOSPHERES. G .  P.  Huffman, F. E. Huggins and G .  R .  Dumyre .  U. S. S t e e l  Corp.,  

Research Labora tory ,  Monroev i l l e ,  Pennsylvania  15146. 

Ash samples from a l a r g e  s u i t e  of c o a l s  were quenched from h igh  tempera tures  under 
e i t h e r  a reducing  (60% C0/40% COz) o r  a n  o x i d i z i n g  ( a i r )  atmosphere,  and i n v e s t i g a t a d  by  
Mossbauer spec t roscopy ,  s cann ing  e l e c t r o n  microscopylautomatic-image-analysis, and' X-ray 
d i f f r a c t i o n .  
a s  200 t o  4OOOC below t h e  i n i t i a l  deformat ion  tempera ture  (IDT) de f ined  by t h e  ASTM a s h  
f u s i o n  test .  
co rne r  of t h e  FeO-A1 0 - S i 0  
phases a s  w u s t i t e  (Fe03, f a y a l i t e  (Fe S i 0  ), h e r c y n i t e  (FeA1 0 1, and f e r r o u s  g l a s s  i n  
samples quenched from 900 t o  1200°C. 'The pe rcen tage  o f  g l a s i  f n c r e a s e s  r a p i d l y  between 
900 and l l O O ° C .  approaching  70 t o  100% above approximate ly  1200°C. 
a r e  a n  except ion  t o  t h i s  r u l e ,  e x h i b i t i n g  copious  fo rma t ion  o f  iron s u l f i d e  and me l t ing  
behavior  a s s o c i a t e d  w i t h  t h e  FeO-FeS phase  diagram. 
percentage  of  g l a s s  i n  samples  quenched from below 1100 to  120OOC is p r o p o r t i o n a l  t o  t h e  
amount of t h e  potass ium-bear ing  mine ra l  i l l i t e  i n  t h e  c o a l .  Above 1200°C, ca lc ium and 
t o  a l e s s e r  extent,  i r o n ,  become e f f e c t i v e  f l u x e s ;  me l t ing  a c c e l e r a t e s  between 1200 and 
140OOC and nea r s  comple t ion  between 1400 and 1500°C f o r  most a s h e s .  

S i g n i f i c a n t  p a r t i a l  me l t ing  of  t h e  a shes  occurred  a t  tempera tures  as low 

Under r educ ing  c o n d i t i o n s ,  me l t ing  i s  normally c o n t r o l l e d  by t h e  i r o n - r i c h  
phase  diagram, a s  ev idenced  b y  t h e  obse rva t ion  of such 

2 2 
4 

Ashes r i c h  i n  Cas 

Under o x i d i z i n g  c o n d i t i o n s ,  t h e  
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COAL STRUCTURE CLEAVAGE MECHANISMS: 
SCISSION OF DIPHENYIMETHANE AND DIPHENYL ETHER 

LINKAGES TO HYDROXYUTED RINGS 

Donald F.  McMillen, W a l t e r  C .  O g i e r .  and David S. Ross 

Department of  Chemical K i n e t i c s  
SRI I n t e r n a t i o n a l ,  Menlo P a r k ,  CA 94025 

INTRODUCTION 

Recen t ly  a number of  workers' have s u b j e c t e d  model compounds t o  v a r i o u s  c o a l  
conve r s ion  c o n d i t i o n s  t o  (1) conf i rm t h a t  c e r t a i n  c o a l  s t r u c t u r e s  a r e  r e a c t i v e  
d u r i n g  c o a l  conve r s ion  and (2 )  i n f e r  t h e  conve r s ion  mechanisms o f  r e a l  coals from 
t h e  mechanisms determined f o r  model compounds. Thus,  C o l l i n s  and coworkers  r e c e n t l y  
reported,  t h e  r e s u l t s  of p y r o l y s i s  of many model compounds i n  t e t r a l i n  a t  4OO0C." 
Many, bu t  no t  a l l ,  o f  t h e  r e s u l t s  c a n  be  i n t e r p r e t e d  as r e a c t i o n s  i n v o l v i n g  s t r a i g h t -  
forward un imolecu la r  bond-scission/radical-capping mechanisms o r  a s  r a d i c a l  c h a i n  
r e a c t i o n s  invo lv ing  B-sc i s s ions  o f  a p p r o p r i a t e  bonds. 

I n  one s t r i k i n g  and unexplained e x c e p t i o n , C o l l i n s  observed t h a t ,  a l t hough  
diphenylmethane i s  f o r  p r a c t i c a l  pu rposes  t o t a l l y  u n r e a c t i v e  i n  t e t r a l i n  a t  4OO0C, 
hydroxydiphenylmethanes (HODPM) are conver t ed  t o  t o l u e n e  and phenol r e l a t i v e l y  
r a p i d l y ,  a lmos t  a s  f a s t  as t h e  weakly bonded b i b e n z y l  r e a c t s  t o  form two e q u i v a l e n t s  
o f  t o l u e n e . I a  T h i s  l a b i l i t y  cannot  i n d i c a t e  r e a c t i o n  by t h e  same mode t h a t  b a s  
been shown t o  be o p e r a t i v e  f o r  b i b e n z y l ,  i . e . ,  r a t e - l i m i t i n g  bond s c i s s i o n s  i n  t h e  
o r i g i n a l  model s t r u c t u r e s .  T a b l e  1 l i s t s  t h e  e s t i m a t e d  s t r e n g t h s  o f  t h e  weakest  
bonds of t h e s e  HODPM compounds, e s t i m a t e d  h a l f - l i v e s  f o r  un imolecu la r  s c i s s i o n  of 
t h e s e  bonds, ou r  measured h a l f - l i v e s ,  and obse rved  p r o d u c t s .  The obse rved  r a t e s  o f  
conve r s ion  t o  phenol and to luene  a r e  faster t h a n  t h e  e s t i m a t e d  rates by a f a c t o r  of 
a t  least  l o 6 .  (The good agreement between e s t i m a t e d  and  observed rates f o r  b i b e n z y l  
i n d i c a t e s  both t h e  l e v e l  of  s u c c e s s  expec ted  f o r  moderate  t empera tu re  l i qu id -phase  
p r e d i c t i o n s  based on h i g h  t empera tu re  gas-phase measurements ,  and t h e  good agreement 
between t h e  p r e s e n t  work and t h e  r e s u l t s  of Miller and S t e i n l d  f o r  a "well-behaved' '  
system.) Oddly,  t h e  h a l f - l i v e s  measured i n  o u r  l a b o r a t o r y  f o r  HODPMs are 1 0  t o  20 
times longe r  t h a n  t h o s e  of C o l l i n s ,  b u t  are s t i l l  v e r y  s h o r t  r e l a t i v e  t o  d ipheny l -  
methane. T h i s  h igh  r e a c t i v i t y  o f  the hydroxy la t ed  diphenylmethane l i n k a g e  i s  con- 
s i s t e n t  w i th  ear l ier  o b s e r v a t i o n s  by Depp, S t e v e n s ,  and  Neuworth4 of t h e  p y r o l y s i s  
of 4-pyrenylmethyl-2,6-xylenol, which a l s o  r e s u l t s  i n  c l eavage  (wi th  somewhat less 
s p e c i f i c i t y )  o f  t h e  bond between t h e  methylene group and  t h e  a romat i c  r i n g  b e a r i n g  
t h e  hydroxyl  g roup .  

I t  i s  p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  hydroxydipbenylmethane and hydroxydiphenyl  
e t h e r  s t r u c t u r e s  should be s u s c e p t i b l e  t o  d e g r a d a t i o n  by mechanisms o t h e r  t h a n  t h o s e  
t r a d i t i o n a l l y  invoked i n  donor - so lven t  c o a l  l i q u e f a c t i o n s  because ( 1 ) t h e  t r a d i t i o n a l  
view5 of  c o a l  s t r u c t u r e  i s  t h a t  s i n g l e  methylene g roups  and d ipheny l  e t h e r  s t r u c t u r e s  
are  common c o a l  l i n k a g e s .  
e v i d e n c e  as t o  t h e  importance of Ar-CH,-Ar u n i t s  i n  c o a l s . ) ;  (2) 
t y p i c a l l y  p o s s e s s  one oxygen atom f o r  e v e r y  20 ca rbon  atoms,  w i th  40% t o  60% of t h i s  
oxygen p r e s e n t  a s  p h e n o l i c 4 H ; '  and (3) e l i m i n a t i o n  o f  p a r t  of t h i s  oxygen i s  a 
c r i t i ca l  and time-consuming s t e p  i n  donor - so lven t  l i q u e f a c t i o n  p r o c e s s e s  . I C  l f  

(Recent  d e g r a d a t i o n  s t u d i e s 6  have provided c o n t r a d i c t o r y  
bi tuminous c o a l s  
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Thus,  e l u c i d a t i o n  o f  t h e  mechanism(s) o f  conve r s ion  of t h e s e  s t r u c t u r e s  t o  lower 
molecu la r  weight p r o d u c t s  i n  t e t r a l i n  c o u l d  be  of s i g n i f i c a n t  importance t o  t h e  
t echno logy  of c o a l  c o n v e r s i o n  

MPERI MENTAL 

Reac t ions  were conduc ted  as 5 w t %  s o l u t i o n s  i n  300 p 1  of t e t r a l i n ,  i n  ampoules 
made from 4-mm fused  s i l i ca  t u b i n g  t h a t  had been washed i n  water  and a c e t o n e  and 
d r i e d  by h e a t i n g  unde r  vacuum. When s i l a n i z e d  s i l i c a  s u r f a c e s  were d e s i r e d ,  t h e y  
were p repa red  by t r e a t m e n t  w i t h  hexamethy ld i s i l azane  vapor  a t  2OO0C f o r  one hour .  
Samples were i n t r o d u c e d  and degassed  by e v a c u a t i o n  t o  5 0.1 t o r r ,  f r o z e n  i n  l i q u i d  

N,, s e a l e d ,  and p l aced  wi th  s e v e r a l  c u b i c  c e n t i m e t e r s  o f  t e t r a l i n  i n  steel  t u b e s  
w i t h  Swagelok c a p s .  A t h e r m o s t a t t e d  mol t en  NaN0,-KNO, b a t h  provided s t e a d y  r e a c t i o n  
t empera tu res  (5 0 . 2 ' 0 .  A l l  r e a c t i o n s  were conducted f o r  21 k 3 h o u r s  a t  400 f 1'C. 
Heat-up t ime was < 5 m i n u t e s .  

Samples f o r  g a s  ch romatograph ic  a n a l y s i s  were p repa red  by d i l u t i o n  wi th  t e t r a -  
hydro fu ran  a n d ,  i n  some cases, a d d i t i o n  of a n  i n t e r n a l  s t a n d a r d  t o  de te rmine  mass 
b a l a n c e .  Analyses  were c a r r i e d  o u t  on a H e w l e t t  Packard 5711 gas  chromatograph 
w i t h  a 1.5 m x 2 mm g l a s s  column packed w i t h  5% OV-17 o n  Chromosorb W .  A f lame 
i o n i z a t i o n  d e t e c t o r  w a s  used ., Nonl inea r  = l i b r a t i o n  c u r v e s  were c o n s t r u c t e d  f o r  t h e  
p h e n o l i c  compounds. I d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  peaks was confirmed by 
GC/MS and c a p i l l a r y  G C .  Mass ba lances  ranged from 77% t o  lOS%, u s u a l l y  90% t o  100%. 

Most compounds were purchased from majo r  s u p p l i e r s  and p u r i f i e d  i n  a s u b l i -  

The E-HODPM w a s  p repa red  by t h e  method of Lamartine-Balme e t  a1.' 
mat ion a p p a r a t u s  t o  2 99.5%. 
band columns. 
The o-M@DPM was p r e p a r e d  from b a s i c  o-HODPM and MeI. 

T e t r a l i n  was p u r i f i e d  by d i s t i l l a t i o n  us ing  sp inn ing  

RESULTS AND DISCUSSION 

The most l i k e l y  homogeneous mechanism f o r  conve r s ion  of hydroxydiphenylmethanes 
t o  phenol  and t o l u e n e  i n  a hydrocarbon s o l v e n t  i n v o l v e s  a keto-enol  tautomerism t o  
produce a weakly bonded k e t o  i n t e r m e d i a t e  as shown i n  Scheme 1.  

I - Ia  
c 

I1 I11 
N 

11' 
d 

Scheme 1 
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Although t h e  e q u i l i b r i u m  c o n s t a n t  f o r  r e a c t i o n  ( 1 )  (k,/k-,)  i s  - (based On 
est imated,  en tha lpy  d i f f e r e n c e  between t h e  phenol  and ke to  fo rms) ,  un imolecu la r  
s c i s s i o n  ( r e a c t i o n  2) of t h e  ke to- form I a  shou ld  proceed r a p i d l y  s i n c e  t h e  e s t ima ted  
s t r eng th '  o f  t h e  i n d i c a t e d  bond i s  o n l y  - 45 kca l /mole ,  a t  l e a s t  40 kcal/mole less 
than any bond i n  t h e  o r i g i n a l  s t r u c t u r e  (Tab le  1). I f  k-, i s  s u b s t a n t i a l l y  g r e a t e r  
than k,, t h e n  e q u i l i b r i u m  between t h e  e n o l  and k e t o  forms w i l l  be e s t a b l i s h e d  be fo re  
homolysis ,  and t h e  o v e r a l l  r a t e  w i l l  be g iven  by 

- 

Using, as a f i r s t - o r d e r  e s t i m a t e  of  t h e  A- fac to r  A , ,  a v a l u e  equa l  t o  t h a t  observed 
f o r  b i b e n z y l , ' d , z  Equa t ion  1 r e s u l t s  i n  a n  e s t i m a t e d  r a t e  c o n s t a n t  f o r  o v e r a l l  r e a c -  
t i o n  of 1.5 x 
T h i s  agreement i s  c o n s i s t e n t  w i t h  r e a c t l o n  by t h e  mechanism shown i n  Equat ion  1 where 
k-,  >> k, .  
i n  Tab le  2 a s  pe rcen t  r e a c t i o n  and a s  de f ined  f i r s t - o r d e r  r a t e  c o n s t a n t s .  

ve ry  c l o s e  t o  o u r  observed v a l u e  o f  3.3 x sec- '  a t  40OoC. 

Observed r e a c t i o n  r a t e s  of  9- and para-HODPM i n  t e t r a l i n  a r e  l i s t e d  

Table  2 a l s o  shows t h e  r a t e s  of ortho-hydroxydiphenylmethane decomposi t ion  i n  
t h e  p re sence  of s e v e r a l  p o t e n t i a l  he t e rogeneous  c a t a l y s t s .  These d a t a  i n d i c a t e  t h a t  
(1) C-C bond c l eavage  i n  hydroxydiphenylmethanes is s u b j e c t  t o  he te rogeneous  c a t a l y s i s  
by a number of  s u r f a c e s ,  n o t a b l y  i r o n  o x i d e s ,  and (2) n e v e r t h e l e s s ,  t h e  observed 
r a t e s  of C-C bond c l eavage  i n  hydroxydiphenylmethanes, which a r e  t h e  p r i n c i p a l  s u b j e c t  
of t h i s  p a p e r ,  c o n t a i n  no s i g n i f i c a n t  he te rogeneous  component. The l a t t e r  c o n c l u s i o n  
i s  based on f i n d i n g s  (Table  2) t h a t  (1) r a t e s  i n  f u s e d - s i l i c a  and pyrex ampoules a r e  
i d e n t i c a l ,  and (2) s i l a n i z a t i o n  of  t h e  c rushed  f u s e d - s i l i c a ,  which was shown t o  be 
c a t a l y t i c a l l y  a c t i v e ,  markedly r educes  c a t a l y s i s  by t h a t  s u r f a c e .  Unless  o t h e r w i s e  
no ted ,  r e a c t i o n  r a t e s  d i s c u s s e d  i n  t h e  remainder  of t h i s  paper  w i l l  be l i m i t e d  t o  
those  observed i n  t h e  "normal" f u s e d - s i l i c a  ampoules i n  which r a t e - l i m i t i n g  s t e p s  
a r e  pu re ly  homogeneous. 

Reac t ion  v i a  a p re -equ i l ib r ium fol lowed by r a t e - l i m i t i n g  homolys is  i s  a d d i t i o n a l l y  
supported by t h e  fo l lowing  o b s e r v a t i o n s  (Tab le  2 ) .  F i r s t ,  rearrangement  i s  observed 
a t -  10% and 15% of t h e  c l eavage  rates of ortho- and E-HODPM, r e s p e c t i v e l y .  T h i s  
i s  c o n s i s t e n t  with so lvent -caged  r a d i c a l  recombina t ion  of  s t r u c t u r e s  11' and 111' i n  
Scheme 1, i n  which rear rangement  of E-HODPM t o  t h e  ortho isomer i s y a t i s t a l y  
f avored .  The o t h e r  p o s s i b l e  recombina t ion  p r o d u c t ,  benzy lpheny le the r ,  i s  n o t  obse rved ,  
having a h a l f - l i f e  of  l e s s  t han  2 minutes  a t  400°C.'c Second, e - H O D P M ,  f o r  which 
no weakly bonded k e t o  form can be drawn,  i s  s t a b l e  i n  t e t r a l i n  a t  40OoC. 
a t i o n  of +-HODPA4 c o n c e n t r a t i o n  from 0.5 t o  33.3 w t %  i n  t e t r a l i n  and v a r i a t i o n  of 
t h e  e x t e n t  of conve r s ion  from 3% t o  22$, produced no s i g n i f i c a n t  changes ( > 10%) i n  
t h e  d e f i n e d  f i r s t - o r d e r  r a t e  c o n s t a n t .  Thus t h e  r a t e - l i m i t i n g  s t e p  i s  indeed f i r s t  
o r d e r  i n  s u b s t r a t e .  Four th ,  a d d i t i o n  of a c i d s ,  b a s e s ,  and a r a d i c a l  i n i t i a t o r  a s  
p o t e n t i a l  c a t a l y s t s  f o r  t h e  eno l -ke to  e q u i l i b r i u m  f a i l e d  to cause  a s i g n i f i c a n t  (> 15%) 
i n c r e a s e  i n  rate,  i n  acco rd  w i t h  t h e  f a c t  t h a t  a c c e l e r a t i o n  o f  t h e  r a t e  a t  which a 
keto-enol  p re -equ i l ib r ium i s  e s t a b l i s h e d  w i l l  n o t  a f f e c t  t h e  o v e r a l l  r e a c t i o n  r a t e .  
These c a t a l y s t s  were added t o  4 .1% *-HODPM i n  t e t r a l i n  i n  t h e  f o l l o w i n g  amounts:  
phenol (2:l mole r a t i o  t o  s u b s t r a t e ) ,  H,O (10:l t o  20 :1 ) ,  KOH (0.5:1), para - to luene -  
s u l f o n i c  a c i d  ( 0 . 2 5 : 1 ,  u n s t a b l e  a t  400°C),  d i p h e n y l e t h e r  ( 0 . 2 : 1 ) ,  and b ibenzy l  (0.2:l 

T h i r d ,  v a r i -  

t o  1 : l ) .  
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A d d i t i o n a l  and  more d i r e c t  ev idence  t h a t  t h e  r a t e -de te rmin ing  s t e p  i s  unimolec- 
u l a r  s c i s s i o n  of a k e t o  i n t e r m e d i a t e  is provided by t h e  r e a c t i o n  of  t h e  methyl e t h e r  
of ortho-hydroxydiphenylmethane ( e - M e O D P M ) .  
a t  4OO0C gave  a p s e u d o - f i r s t - o r d e r  r a t e  Constant  f o r  d i sappea rance  of s u b s t r a t e  which 
i s  t e n  t i m e s  g r e a t e r  t h a n  t h a t  observed f o r  e - H O D P M .  
HODPM, formed v i a  t h e  r e a c t i o n s  proposed  i n  Scheme 2 .  a t  a rate t h a t . 1 ~  c o n s i s t e n t  
w i t h  t h e  measurements of C o l u s s i ,  Z a b e l ,  and Benson' and  of  C o l l i n s  e t  a1." f o r  t h e  
r a t e  of  homolyt ic  PO-Et bond c l e a v a g e .  

Five p e r c e n t  e - M e O D P M  i n  t e t r a l i n  

The major product  was ortho- 

/ 1 '  

\ OH 

11' cc 

Scheme 2 

The p e r t i n e n t  o b s e r v a t i o n s  a r e  (1) t h e  t o t a l  r a t e  of fo rma t ion  of pheno l s  i s  
s e v e r a l  t imes  t o o  l a r g e  t o  be accounted  f o r  by r e a c t i o n  of HODPM a s  an i n t e r m e d i a t e ,  
and ( 2 )  only o n e - t h i r d  o f  t h e  pheno l i c  p roduc t  i s  phenol ;  t h e  o t h e r  two-thirds  i s  
o r t h o - c r e s o l .  E v i d e n t l y ,  t h e  weakness of  t h e  Ph-Me bond p rov ides  a n  a l t e r n a t i v e  
pathway t o  t h e  k e t o  fo rm:  
caged r a d i c a l  recombina t ion  o r  by a symmetry h inde red  conce r t ed  [1,3] s igma t rop ic  
rearrangement .  T h i s  s h i f t  p roduces  a n  i n t e r m e d i a t e  (Va) analogous t o  t h e  ke to  
tautomer i n  e - H O D P M ,  excep t  t h a t  i n  t h e  p re sen t  c a s e  e s t ab l i shmen t  of a p r e -  
equ i l ib r ium by r e v e r s a l  of t h i s  p rocess  i s  u n l i k e l y  for t h e  fo l lowing  r easons .  
There  i s  no a c i d i c  p r o t o n  t o  be  l o s t  i n  a v e r y  r a p i d  ac id -base  r e a c t i o n ,  and hom- 
o l y t i c  l o s s  of  a b e n z y l i c  r a d i c a l  w i l l  be f avored  by - 15 kcal/mole (1 .e.,  > IO4 
a t  40OoC) o v e r  e i t h e r  homoly t i c  loss of  t h e  methyl r a d i c a l , '  or r e v e r s a l  of a [1,3] 
s h i f t .  Thus fo rma t ion  o f  V a  l e a d s  i n e v i t a b l y  t o  =-creso l  and t o l u e n e  a t  a r a t e  
t h a t  co r re sponds  rough ly  t o  t h e  rate of  PhO-Me homolysis  i n  t h e  star!ing m a t e r i a l .  

- 
methyl  s h i f t s  to t h e  ortho p o s i t i o n ,  e i t h e r  by so lven t -  

Migrat ion of t h e  me thy l  group t o  t h e  r i n g  p o s i t i o n  ipso to t h e  benzyl  group 
seems t o  be f a i r l y  s e l e c t i v e ,  sugges t ed  by t h e  small amounts of 2 formed. 
s e l e c t i v i t y  of  fo rma t ion  of o t h e r  r ea r r anged  noncleaved  p roduc t s  i s  an impor t an t  

f a c t o r  i n  answer ing  t h e  q u e s t i o n  of  whether  methyl g roup  mig ra t ion  is a s c i s s i o n -  
recombinat ion p r o c e s s  or a c o n c e r t e d  r e a c t i o n .  
and  a d i s c u s s i o n  o f  t h i s  q u e s t i o n  w i l l  he  p re sen ted  i n  a subsequent  p u b l i c a t i o n .  

The 

F u r t h e r  d e t a i l s  of t h e s e  r e a c t i o n s  
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The ev idence  p r e s e n t e d  above t h a t  t h e  second and r a t e - l i m i t i n g  s t e p  i s  a un i -  
mo lecu la r  ( i . e . ,  homolyt ic)  s c i s s i o n  r e a c t i o n  p rov ides  no in fo rma t ion  a b o u t  t h e  
mechanism by which t a u t o m e r i c  e q u i l i b r i u m  i s  e s t a b l i s h e d .  
be free r a d i c a l  i n  n a t u r e ,  a s  i n  Scheme 3 ,  i o n i c ,  or s u r f a c e  c a t a l y z e d .  

The e q u i l i b r i u m  cou ld  

Scheme 3 

Tau tomer i za t ion  by t h e  r a d i c a l  c h a i n  mechanism shown i n  Equat ion 4 i s  p l a u s i b l e  
because t e t r a l i n  i s  commonly observed t o  undergo s i g n i f i c a n t  rearrangement  and 
d e g r a d a t i o n  a t  400OC by what have been argued t o  be  r a d i c a l  c h a i n  r e a c t i o n s  i n -  
vo lv ing  t h e  1- and 2 - t e t r a l y l  r a d i c a l s , "  and because exchange of  b e n z y l i c  
hydrogens i s  observed w i t h  c o a l  models even when C-C bond s c i s s i o n  is n o t  
o b s e r v e d . l z  
l i k e l y ,  s i n c e  deu te r ium exchange a t  t h e  e- and para- p o s i t i o n s  of pheno l s  and 
n a p h t h o l s  is  r e p o r t e d  t o  o c c u r  a t  modest r a t e s  i n  t e t r a l i n  even a t  t e m p e r a t u r e s  - 200°C lower t h a n  t h e  t empera tu res  used i n  t h e  study.'' I n  f a c t ,  subsequen t  meas- 
urements  o f  t h e  r a t e s  carbon-oxygen bond c l eavage  i n  t h e  an logous  hydroxydiphenyl  
e t h e r s  r e v e a l  t h a t  t h e  f a s t e s t  t a u t o m e r i z a t i o n  p r o c e s s  o p e r a t i v e  under  t h e  cond i -  
t i o n s  of  t h i s  s t u d y  i n v o l v e  i o n i c  reactions. 

On t h e  o t h e r  hand,  t a u t o m e r i z a t i o n  by an i o n i c  mechanism i s  no  less 

HYDROXYDIPHENYL ETHER DECOMPOSITION 

The behav io r  of 2-hydroxydiphenyl  e t h e r  i s  ana logous  t o  t h a t  of  2- and p-HODPhl i n  
t h a t  c l eavage  of t h e  e t h e r  l i n k a g e  is g r e a t l y  a c c e l e r a t e d  by t h e  p re sence  of  t h e  
hydroxy g roup ,  bu t  d i f f e r s  i n  t h a t  t h e  obse rved  r a t e  i s  more t h a n  t w o  o r d e r s  of 
magnitude t o o  slow t o  r e s u l t  from r a t e - d e t e r m i n i n g  homolysis  of t h e  k e t o  form. 
These r e s u l t s  a r e  i l l u s t r a t e d  i n  T a b l e  3. T h i s  l ack  o f  agreement cou ld  be  a n  
i n d i c a t i o n  t h a t  t h e  g e n e r a l  mechanism shown i n  Equa t ion  1 does  n o t  a p p l y  t o  
d ipheny l  e t h e r s ,  or p o s s i b l y  even t h a t  t h e  agreement  o f  e s t i m a t e d  w i t h  obse rved  
rates f o r  t h e  hydroxydiphenylmethanes was f o r t u i t o u s .  However, t h e  r e s u l t s  des -  
c r i b e d  below show t h a t  t h e  d i sag reemen t  a c t u a l l y  r e s u l t s  from t h e  f a c t  t h a t  i n  t h e  
c a s e  of  hydroxydiphenyl  e t h e r s ,  t a u t o m e r i z a t i o n  i s  s i g n i f i c a n t l y  s lower  t h a n  it  i s  
wi th  t h e  HODPM. I n  c o n t r a s t  t o  ortho-hydroxydiphenylmethane decompos i t ion ,  where 
a d d i t i o n  of a number o f  d i f f e r e n t  a d d i t i v e s  which would be expected t o  a c c e l e r a t e  
t h e  t a u t o m e r i z a t i o n  p r o c e s s  f a i l e d  t o  b r i n g  abou t  any  s i g n i f i c a n t  i n c r e a s e  i n  t h e  
o v e r a l l  decomposi t ion p r o c e s s  ( c o n s i s t e n t  w i t h  a t a u t o m e r i c  p r e - e q u i l i b r i u m ) ,  t h e  
a d d i t i o n  of KOH, p - c r e s o l ,  or a d d i t i o n a l  p-hydroxydiphenyl  e t h e r ,  a l l  r e s u l t e d  i n  
s i g n i f i c a n t  i n c r e a s e s  i n  t h e  r a t e  of decomposi t ion of p-hydroxydiphenyl e t h e r .  
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These  r e s u l t s  a r e  shown i n  T a b l e  3 where I t  c a n  be seen t h a t  i n  t h e  c a s e  Of added 
p-hydroxydiphenyl  e t h e r ,  a 7 - fo ld  i n c r e a s e  i n  s u b s t r a t e  c o n c e n t r a t i o n  r e s u l t e d  i n  
a 5 .5 - fo ld  i n c r e a s e  i n  t h e  d e f i n e d  f i r s t - o r d e r  rate c o n s t a n t  for decompos i t ion .  
T h i s  approaches  t h e  second-o rde r  b e h a v i o r  e x p e c t e d  f o r  i o n i c  t a u t o m e r i z a t i o n  Of 
pheno l s  i n  t e t r a l i n .  

An i o n i c  t a u t o m e r i z a t i o n  p r o c e s s  t h a t  i s  somewhat slower i n  t h e  c a s e  of  
hydroxydiphenyl  e t h e r s  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  -OR s u b s t i t u t i o n  i s  known 
t o  be d e a c t i v a t i n g  f o r  t h e  r e q u i r e d  e l e c t r o p h i l i c  a t t a c k  i n  t h e  i p s o  ~ 0 s i t i o n . l ~  
On t h e  o t h e r  hand,  i f  t a u t o m e r i z a t i o n  took  p l a c e  v i a  a r a d i c a l  c h a i n  p r o c e s s ,  such  
a s  t h a t  shown i n  E q u a t i o n  4 ,  it would be d i f f i c u l t  t o  r a t i o n a l i z e  such a p r o c e s s  
be ing  s i g n i f i c a n t l y  slower f o r  d i p h e n y l  e t h e r  t h a n  for  d iphenylmethane  s t r u c t u r e s .  

SUhIMARY AND CONCLUSIONS 

The s c i s s i o n  o f  s t r o n g  carbon-carbon and carbon-oxygen bonds i n  hydroxydiphen-  
y lmethanes  and d i p h e n y l  e t h e r s  d u r i n g  r e a c t i o n  i n  t e t r a l i n  a t  4OO0C h a s  been  shown 
to  o c c u r  v i a  i o n i c  t a u t o m e r i z a t i o n  t o  t h e  r e s p e c t i v e  k e t o  forms  which c a n  undergo  
homoly t i c  s c i s s i o n  a t  r a p i d  r a t e s .  I n  t h e  c a s e  o f  t h e  hydroxydiphenylmethanes, t h e  
t a u t o m e r i z a t i o n  i s  r a p i d  and  c o n s t i t u t e s  a p r e - e q u i l i b r i u m ,  b u t  i n  t h e  c a s e  of  
hydroxydiphenyl  e t h e r s ,  t h e  t a u t o m e r i z a t i o n  i s  s lower  and  c o n s t i t u t e s  t h e  p r i n c i p a l  
r a t e - c o n t r o l l i n g  s t e p .  C o n s i s t e n t  w i t h  t h i s  p i c t u r e ,  a d d i t i v e s  known t o  i n c r e a s e  
t h e  r a t e s  o f  r ing-hydrogen  exchange i n  pheno l s  have  no  e f f e c t  on t h e  decompos i t ion  
ra te  of  hydroxydiphenylmethanes, b u t  markedly  a c c e l e r a t e  t h e  r a t e  of C-O bond 
s c i s s i o n  i n  hydroxydiphenyl  e t h e r s .  T h i s  l a t t e r  o b s e r v a t i o n  s u g g e s t s  t h a t  t h e  
sometimes b e n e f i c i a l  e f f e c t s  of  added  pheno l s  i n  c o a l - c o n v e r s i o n  p r o c e s s e s  may be 
d u e ,  i n  p a r t ,  t o  i n c r e a s e d  rates of  t a u t o m e r i z a t i o n  i n  d i p h e n y l  e t h e r  s t r u c t u r e s  
ana logous  t o  t h o s e  s t u d i e d  i n  t h i s  work. F i n a l l y ,  a n  u n d e r s t a n d i n g  of t h e s e  and 
o t h e r  d e t a i l s  o f  t h e  homogeneous decompos i t ion  mechanisms o f  hydroxydiphenylmethanes  
and  hydroxydiphenyl  e t h e r s  now p r o v i d e s  a sound b a s i s  f o r  e l u c i d a t i n g  t h e  mcchanisrn(s) 
of t h e  f a c i l e  he t e rogeneous  c l e a v a g e  t h a t  t a k e s  p l a c e  i n  t h e  p r e s e n c e  of i r o n  o x i d e  
s u r f a c e s .  
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